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Abstract

The incorporation of few-layer Van der Waals structures into optical and electronic devices has been
of considerable interest to the production of microelectronic devices. In this thesis the epitaxial
growth of hexagonal boron nitride (hBN) and graphene, on graphite and hBN substrates respectively,
was investigated with molecular beam epitaxy. In the first experimental section the morphologies of
hBN depositions on highly-oriented pyrolytic graphite (HOPG) were analysed with atomic force
microscopy (AFM). The thicknesses and shapes of deposited domains were found to depend upon the
growth temperature and deposition time, with an optimally identified temperature for the minimising
of BN aggregates at 1390°C. Additionally, the preferred growth edges of the forming hBN domains
were found to transition between zigzag and armchair with increased substrate growth temperatures

from 1080°C to 1390°C.

Graphene material, deposited onto hBN flakes on sapphire substrates using a new carbon source that
sublimates the precursor material through e-beam heating, was compared with similar material
produced with other carbon sources. AFM imaging of the graphene revealed strained graphene
domains formed during growth, identified by hexagonal moiré patterns with periods greater than 13.9
nm. Large graphene terraces on the order of several microns were found to have formed largely free
of free-standing aggregates. Raman spectroscopy of the graphene formed on the hBN flakes shows
that aggregates accumulated around the edges of the graphene terraces exhibit spectra consistent
with a graphitic, as opposed to amorphous, composition. The e-beam source was found to reliably

deposit complete graphene monolayers, and this source has been preferred for future study.

Lateral heterostructures of graphene and hBN deposited via successive depositions of carbon and
boron/nitrogen, were analysed with AFM. The similarities of the two lattices have been described as
allowing for the formation of connected domains with minimal defect formation along the

heterojunction. All deposited material not accumulated into aggregates was found to have nucleated



from the edges of domains formed from the previous growth cycle. No aggregate formation was found
to have occurred atop the lateral heterojunctions, implying minimal defect formation and dangling
bonds at the interface. Future studies of these heterostructures may consider the formation of these

heterostructures on other insulating substrates to allow for investigation of optical properties.

Finally, the formation of CA.M/PTCDI heterostructures deposited onto HOPG and hBN/HOPG was
investigated. The integration of organic molecular networks into van der Waals heterostructures could
potentially provide a means to form complex devices simply and cheaply with nanometre thicknesses.
Needle-like PTCDI islands were found to be orientationally templated by the presence of an adjacent
CA.M layer, with some PTCDI islands lying atop the CA.M layer and some lying directly upon the
substrate. The CA.M layer was also observed to be necessary for the formation of organised PTCDI
islands on the hBN/HOPG substrate, allowing for the formation of the needle-like islands on the partial
hBN monolayers. Photoluminescence spectroscopy of the deposited samples identified a reduction in
the HOPG-induced quenching for the PTCDI separated from the HOPG by the hBN monolayer. The
observed 0-0 fluorescence peaks of the PTCDI were positioned at 2.212 eV, consistent with that
obtained for PTCDI islands deposited onto hBN substrates. Increasing the thickness of the hBN spacer

layer might be expected to allow for tuning the quenching of the PTCDI fluorescence spectrum.
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1. Introduction

1. Introduction

In this Chapter the aims of the thesis are presented with regard to current research in the areas of
surface science and molecular electronics on van der Waals heterostructures. Following this will be an

overview of the studies carried out as part of this thesis and the ordering of the material.

1.1 Overview

In recent years there have been significant advances made in the fields of micro-electronics as a result
of the integration of 2D materials into devices. The incorporation of van der Waals crystals into
electronics and optoelectronics have paved the way for developments in micro-scale devices with
unique properties. Van der Waals materials exhibit a variety of electrical and optical properties and
layered structures, and combining these materials opens the possibility for generating novel devices

with monolayer thicknesses.

Scalable production of these materials has been developed with the fabrication of graphene via
chemical vapour deposition and SiC decomposition, or hexagonal boron nitride with CVD. These
processes exhibit strengths conducive to the formation of large-scale devices with controllable
characteristics. CVD synthesis of graphene and hBN have been developed in recent years to the point
where large domains of relatively defect-free monolayers can be produced and transfer from catalytic
substrates has been refined or avoided by direct growth on insulating substrates [1-3]. Research into
appropriate precursors and substrate selection have resulted in the reliable production of material
ready for integration into devices and heterostructures for the purposes of microelectronics,

optoelectronics, and others [4—6].

Molecular beam epitaxy, a vacuum technique with the advantages of highly controllable deposition
rates and minimal contamination, has until recently garnered comparably less attention for the
formation of these materials. Developments in the production of graphene and hexagonal boron
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nitride (hBN) with molecular beam epitaxy (MBE) have been slower than those of CVD. In the case of
hBN low substrate temperatures resulted in small grain sizes and rough surfaces, such as those
generated by Tsai et al. in 2009 [7,8]. Direct graphene production on insulating substrates showed a
strong temperature dependence on the quality of the resulting material, while metallic substrates

performed better, though necessitating transfer to form device structures [9-11].

More recently, advances in the epitaxial production of these materials have been achieved by
increasing the substrate temperatures above 1000°C during growth. This high-temperature molecular
beam epitaxy (HT-MBE) has begun an exploration of the potential for clean monolayer production and

optical properties on insulating substrates [12—-15].

This thesis aims to advance the progress made in the growth of graphene and hBN by high-
temperature molecular beam epitaxy, as previously demonstrated by the Nottingham group, including
Albar, Summerfield, and Davies, among others [12—-16]. These studies established the production of
graphene and hBN with high-temperature MBE, with the identification of high-quality, large domains,
on insulating substrates, a feat not previously achieved in MBE. In this work the development of these
material depositions by consideration of the surface morphology and the importance of epitaxial

variables during growth is furthered.

AFM is well established as a process for analysis of the morphology of surfaces at the nanoscale. AFM
provides the means to identify features ranging from atomic lattices on the order of angstroms up to
protrusions or indentations microns in scale. Additionally, alternating the use of conductive and
tapping-modes of operations can provide information on the material composition, resistivity, and
other local physical properties of a surface. AFM is widely applied to the surfaces investigated here,

and the results from this imaging drive much of the presented studies.

Integration of photo-active molecules into mono- or few-layer heterostructures provides for many
potential applications in the fields of micro-photonics and the formation of novel van der Waals-

organic devices. Templating optically-active molecules with substrates of comparable symmetry and
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neighbouring molecular networks can provide the means to control the optical properties of a surface
on a macro-scale [17]. In this thesis the separation of luminescent PTCDI molecules from a conductive
substrate with the insulating layers of other materials is investigated. This poses the possibility for the
tuning of the optical properties of molecules such as PTCDI to facilitate the production of light-emitting
diodes among other potential applications. Alongside AFM for the identification of the morphology of
deposited molecular structures, photoluminescent spectroscopy has been applied to study the

luminescence of the materials.

1.2 Overview of the Thesis

The next Chapter presents a collation of background information relevant to the studies carried out
in the thesis. The Chapter briefly discusses the properties of graphene and hBN that make them
interesting materials for the production of thin electronic devices and the similarities of the two
lattices. This is followed by a discussion of the current progress made in the reliable production of
graphene and hBN with a variety of growth techniques, including molecular beam epitaxy (MBE),
chemical vapour deposition (CVD), and exfoliation. Finally, the Chapter describes the necessary
conditions for the formation of supramolecular networks and the reasons for the selection of cyanuric

acid-melamine (CA.M) in the later studies.

In Chapter 3 the experimental techniques relevant to the studies in this thesis are presented. The
techniques, including atomic force microscopy (AFM), Raman spectroscopy, and fluorescence
spectroscopy, are described alongside the necessary physical concepts. The systems and processes
necessary for sample preparation are also described, namely exfoliation, vacuum sublimation, and

immersion deposition, for the relevant materials.

In Chapter 4 the surface morphology of MBE-grown hBN on HOPG substrates is analysed. The surface
features of the samples are compared across multiple substrate temperatures and growth times and

AFM data from these observations is presented. The shapes and prevalence of hBN domains are
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compared when nucleated from graphite steps of differing heights. Finally, the impact of aggregates

on the growth of monolayer hBN is discussed.

Graphene sheets grown by MBE on hBN flakes are analysed in Chapter 5. Samples of these G/hBN
samples produced with a new MBE carbon source using an e-beam to heat the source material were
analysed with AFM and Raman spectroscopy to identify the quality of the graphene sheets. The source
for the MBE were investigated to identify a reliable source capable of producing graphene sheets as

part of lateral heterostructure studies described in the following Chapter.

In Chapter 6 observations are presented from successive epitaxial depositions of hBN and graphene
onto HOPG substrates. The morphology of the resulting monolayers and the heterojunctions is
analysed by AFM. The edges of the material domains are considered relative to the lattices, alongside

the prevalence of defects and aggregate material.

Finally, Chapter 7 presents observations from the deposition of CA.M and PTCDI supramolecular
networks on the surface of graphite and hBN/graphite substrates, with the latter having been
produced as was analysed in Chapter 4. The morphology of the molecular monolayers on these varied

substrates are compared and the impact on the photoluminescent spectrum of the PTCDI is analysed.
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Chapter 2: Background

2. Overview

In this thesis research into a range of topics on the growth of two-dimensional materials and the
formation of supramolecular monolayers will be presented. Surfaces of several distinct
heterostructures of graphene and hBN were analysed, with consideration paid to the impact of
changing growth parameters on the resulting morphologies. In addition, an investigation of cyanuric
acid — melamine lattices (CA.M) deposited onto hBN flakes was carried out to analyse supramolecular
lattice growth on hexagonal 2D crystals. Before these analyses are discussed a review will be
presented of the results of previous studies on the properties and growth of hBN, graphene, and CA.M.
Previous studies on the production of thin van der Waals monolayers or few-layer crystals are

presented to place this thesis in context.

Section 2.1 describes the properties of graphene and hBN monolayers. The properties of lateral and
vertical heterostructures of hBN and graphene are presented in 2.1.3 and 2.1.4 respectively. Periodic
heterostructures of hBN and graphene are discussed in 2.1.5. Section 2.2 is a review of studies on the
production of few-layer hBN and graphene, presenting the CVD, MBE, SiC decomposition, and bulk
exfoliation methods. Finally, supramolecular assembly of molecules is discussed, focusing on prior

studies in the application of the CA.M network to van der Waals crystals, in Section 2.3.

2.1 Properties of Graphene, hBN, and their Heterostructures

Graphene and hBN lattices exhibit some structural similarities, yet the electronic and mechanical
properties of the two materials are distinct. Graphene and hBN share a hexagonal structure with
lattice constants of 2.46 A and 2.504 A respectively. However, the symmetries of the graphene lattice
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result in a near-zero bandgap, whereas the diatomic nature of the hBN crystal produces a large
bandgap of ~6 eV [18,19]. Bringing monolayers of the two materials vertically into contact with
minimal misalignment generates a moiré superlattice which impacts the electronic properties of the

resulting material.

In this Section the distinct properties of the two materials are discussed in more detail. The properties
of heterostructures comprising lateral and vertical junctions of graphene and hBN are described, and

the potential uses and difficulties in production are noted.

2.1.1 Properties of graphene

Graphene is a 2D allotrope of carbon, evoking interest in the scientific world for its linear band
dispersion near the K point of the Brillouin zone and its semi-metallic nature. The isolation of single
graphene sheets was originally considered a physical impossibility, and graphene was first modelled
by Wallace (1947) to approximate the behaviour of the graphite surface [20]. Isolated in 2004 by
Novoselov and Geim, single monolayers of graphene were produced with the ‘scotch tape’ exfoliation

method [21].

In graphene the hexagonal rings within the layer consist of carbon atoms bonded by hybridised sp?
orbitals, with the interlayer interaction arising from the much weaker van der Waals forces. The sp?
orbitals originate from the ground state electronic configuration of carbon 1s22s22p?, which is four
electrons short of a closed shell. The s and p orbitals of the highest energy states do not exhibit the
symmetry required for the formation of the observed trisymmetric network. To form the hexagon one
s orbital electron is elevated, leading to the 1s22s'2p* configuration on each carbon atom. The lone s
orbital and two of the 2p orbitals hybridise to form three sp? orbitals, leaving a single unhybridized p
orbital. The three sp? orbitals combine to form the monolayer hexagonal network, with the out of

plane p orbital overlapping with the equivalent orbitals of neighbouring carbon atoms to form pi
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bonds. The extended network of pi bonds results in the high electrical conductivity of graphene, and
simultaneously contributes to the formation of the van der Waals crystal as a result of the high

polarizability of pi orbitals.

As a honeycomb lattice the unit cell of a graphene monolayer consists of two atoms, with the crystal
described by two triangular sublattices offset from each other by the bond length of 1.42 A. The
sublattices as constituents of the complete monolayer lattice are depicted in Figure 2.1 a). The sites
of each sublattice, commonly denoted A and B, are all occupied by carbon atoms. When the sublattices
are electronically similar, as in the case of freestanding graphene, the material exhibits no bandgap.
This similarity can be broken, such as by the presence of a substrate, resulting in a bandgap [22]. The
moiré superlattice generated by the overlap of graphene and hexagonal boron nitride is expected to

generate a bandgap in this way [23].

b) BondLength  -1.42A

a) Sublattice A T .
Lattice Constant -2.46 A Primitive Lattice
Vectors s

y
e

Sublattice B

>

Armchair Edge

Zigzag Edge

Figure 2.1 — Atomic models of graphene are presented. In a) the two inequivalent sublattices of graphene
are highlighted in blue and red. In b) the lattice is depicted with one carbon atom occupying each lattice site,
depicting the highly symmetric nature of the graphene lattice. The direction of the armchair and zigzag edges
are designated by the green arrows, though note that the other zigzag and armchair directions are obtained
by rotations of these arrows by integer multiples of 60°. Finally, on the right the primitive lattice vectors of
graphene are depicted, with lengths equal to the lattice constant. Note, that the two sublattices are offset

by 1.42 A and cannot be transformed between with the use of the primitive lattice vectors.
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Due to the highly symmetric nature of the graphene lattice, graphene islands will tend to form either
a hexagonal or dodecagonal shape [24]. These two shapes originate from the hexagonal nature of the
lattice, with the island edges consisting of either or both of the armchair or zigzag directions of the
lattice, such as is shown in Figure 2.1 b). Zigzag and armchair edges are common to all hexagonal
lattices are commonly abbreviated to Z and A for simplicity. Armchair (zigzag) edges occur at every 60°
rotation from any other armchair (zigzag) edge and are oriented 30° from any zigzag (armchair) edges.
The armchair edge consists of an equal number of sites from the A and B sublattices, which can be
seen in Figure 2.1 a), whereas the sites of the zigzag edge lie on entirely one sublattice or the other.
Hence, for a hexagonal island to form there must exist a growth preference for either the armchair or
zigzag edges. The dodecagonal islands form when there is equality in the growth rates of the two

distinct edges.

Having established the structural properties of the graphene lattice the band structure of the material
can be derived. A derivation of the band structure was first constructed by Wallace in 1947 using the
tight binding approximation as a preliminary step in establishing the band structure of bulk graphite
[20]. This approximation allows for the calculation of the electronic band structure by approximating
the atomic wavefunction of an atom within the crystal as a superposition of the atomic wavefunctions

for isolated atoms.

As graphene has two atoms in its unit cell the wavefunction must be represented as a linear
combination of two wavefunctions, labelled ua (% r) and ug(k;, r), which correspond to the sublattices
A and B. The resulting wavefunction is as follows, where the contribution of each sublattice is

considered with the A(k) and B(k) coefficients,

Yr(r) = A(K)uy(k, 1) + B(K)ug(k, 1) (2.1)

The wavefunctions, ua(k r) and ug(k r), are in turn composed of the superposition of atomic
wavefunctions @4 and @g, centred on the atoms belonging to sublattices A and B, respectively. These

can be written as,
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uy (k1) = —Zz—1elkRi pa(r — Ry) (2.2)
up(k,r) = =3I, Rt op(r — R, — 8) (2.3)

Where 6 is ( 0), the displacement between two carbon atoms in the unit cell, and N is the total

\/—I
number of unit cells. An expression for the expectation value of the energy, E(k), can be obtained by

combining the above equations with the following,
E(k) = [YiHy dr (2.4)
And as a result we obtain,
1 [ — R; * % * i7 —1i
E(k) = NZ%‘-Nzlelk(Rl Rl)f(A @+ B'e ‘k'S(ij) H(A(ij + Be lks(ij) dr  (2.5)

Where @ ; = @4(r — R;) and @g; = @g(r — R; + &) and similar expression can be written for
index j. The expression can be simplified by considering an infinite plane of unit cells and making this

change of variables, pj = R; — R;. The resulting expression can be written as a matrix,

E(k) = [A*(K), B*(K)] [Z‘;‘: Z‘;ﬂ ggg (2.6)

Where the on-diagonal terms are,
Hpp = ] e e Joa(r- Pj) Hop,(r)dr (2.7)

And similarly for B. By considering only nearest neighbours the terms, p; = 0, which simplifies the on-

diagonal terms to,

Haa = [@u(r) H (1) dr (2.8)

The Hamiltonian, H, can be represented as a sum of the Hamiltonian from the single atom and a

perturbation from the nearest neighbours. This leads to,

Hpp = f(/);(r) ﬁatomic @a(r) dr + f(PZ(r) AV @, (r) dr (2.9)
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HAA = HBB = EpZ + a= EO (210)

Where E,,, is the energy of an electron in the 2pz state and the result of the perturbation, a, is

symmetric for sites A and B. For the off-diagonal terms the contributions one can write,
Hup = Ypne wi- 6)f<P:1(r - Pj) H ¢p(r — &) dr (2.11)
Which becomes the following by noting that the atomic contribution equals zero in this case,

=f(k) [ i () AV p(r — &) dr = —f(k)t (2.12)

In which t is the nearest-neighbour hopping energy, With knowledge of the nearest neighbours one

can expand the summation and calculate f (k). The result of this expansion is displayed in Figure 2.2

fl= Fetormo o S SEET) L
nn W_/\ j\ )
Y Y
2

3

Figure 2.2 — A diagram showing the expansion of the summation that makes up the f(k) function. Each term

corresponds to one neighbour of an arbitrary atom in the lattice, here coloured in purple.

where a is the modulus of the unit cell vector. The matrix element Hg4 can be written similarly as,

Hpy = —t f(k)" = Hpp (2.13)

As a result, the Hamiltonian matrix can be simply written as,
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—tf (k)] (2.14)

i= ey
tf (k) E,
For which the eigenvalues are,

E=Ey £tyfk)f(k) (2.15)

By setting E, as the reference energy and substituting in the equation for f (k) an expression for E (k)

can be obtained,

E(k) = +t \/1 + 4 cos (@) cos (kyzﬁ) + 4 cos? (%) (2.16)

At positions, k, where the expression within the square root is zero, the bandgap is zero. The

conditions for this are,

\/—kxaG

kya(; _ 1
2 = 2nm and cos( > )— -3 (2.17)

Or,

\/_kxac 1

> (2.18)

= (2n + m and cos (ky G)

Where nis aninteger from 0, 1, 2... Some of the solutions to these conditions lie beyond the boundary
of the Brillouin zone. However, n = 0 for the second condition, results in positions lying on the corners
of the hexagonal zone, occupying the high symmetry K sites. Small changes of k around the K points
can be considered by changing the variable k to ¢ = k — K and carrying out a Taylor expansion on

f (k). The result can be approximated to,

\/?:ac

fe@ ~ 22 (ig, — q,) and for(@) ~ L2 (ig, + ) (2.19)

As such, the eigenenergies around the K and K’ points are,

\/_taG

q = thqug (2.20)
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As can be observed the energy dispersion near the K and K’ points is linear. This linearity results in the
charge carriers behaving as massless Dirac fermions with velocities equal to vy, which is on the order
of 10° m/s. The positions of the band structure where the dispersion is linear have been dubbed Dirac
cones and the presence of these linear regions leads to many of the unique properties associated with
graphene. The + sign in the eigenenergy approximation shows that these Dirac cones appear in the

conduction and valence band, with the cones meeting at the Fermi level.

A significant limitation of graphene from the perspective of 2D electronics is the lack of bandgap,
which results in low on/off ratio transistors incompatible with digital function. There are several
proposed methods for the introduction of the bandgap, one of which is the confinement of the
graphene in one dimension. Graphene nanoribbons then, consisting of monolayers of graphene
extending unconstrained in only one dimension, provide a potentially simple and tuneable method
for the introduction of a bandgap. In addition to this, the small width of the structure results in a
greater significance for edge states of the ribbon, which have an influence on electric and magnetic

properties.

Tight binding calculations have shown that the band structure of graphene nanoribbons (GNRs)
depends upon the width of the ribbon and the nature of the edge [25,26]. Zigzag ribbons, those where
the entire length of both edges follows the zigzag direction, are always metallic. Armchair ribbons
exhibit metallic or semiconducting band structure dependent upon the ribbon width. Specifically,
armchair ribbons exhibit metallic band structures when the number of lines of carbon atoms, taken
along the armchair direction and with a complete hexagon crossing three lines, is equal to 3M — 1 for
integer, M [27]. For a number of carbon lines not equal to 3M — 1 a bandgap is opened up in the
armchair ribbon compared to unconstrained graphene. Additionally, the scale of the band gap is also

dependent upon the width of the ribbon, with greater energy gaps seen in thinner ribbons.

The band structure of the zigzag ribbon is flat at zero energy [25]. The zero energy dispersion, dE/dk,

about this point results in a predicted perfect conducting channel in the presence of impurities [28].
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As a result, zigzag ribbons and chiral ribbons with perfect edges are expected to exhibit excellent
transport properties. Chiral ribbons are those consisting of both zigzag and armchair regions along the
length of the ribbon. Zigzag ribbons are also distinct from armchair ribbons by the expression of

magnetic ordering, such as a paramagnetic response at room temperature [29].

Various methodologies for the production of graphene nanoribbons with fine width control have been
investigated, with considerable interest for those by which nanometre scales can be achieved.
Lithographic approaches making use of scanning tunnelling microscopes (STM), atomic force
microscopes (AFM), or transmission electron microscopes (TEM) have been reported to produce
ribbons with widths of ~ 10 nm for AFM and STM, and widths down to 0.7 nm with TEM [30-32].
Though relatively high precision of scale is achievable with these devices, they remain indefinitely

restricted in practice by the lack of scalability inherent in the process.

Other processes that produce nanoribbons by the reduction of graphene sheets or nanotubes include
the etching of the sheets with catalytic particles, or the unzipping of nanotubes via chemical agents
[33-35]. These are limited in precision by the scale of the precursor material, the nanotube diameter

in the unzipping process, or the size of the metallic nanoparticles necessary for catalytic etching [36].

Bottom-up approaches to graphene nanoribbon production have also been explored. Chemical vapour
deposition (CVD) has proven to be effective for the generation of nanoribbons with scales down to
~20 nm on SiO,/Si substrates [37,38]. This is achieved by the fabrication of Ni templates on the
substrate, which are then exposed to ethylene at high temperatures to seed the growth of the
graphene. The structure of the resulting nanoribbon is then dictated by the Ni template from which it
has grown and on which it resides. It has been noted by Celis et al. that further application of these

graphene nanoribbon requires transfer to an insulating substrate [36].
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2.1.2 Properties of hBN and the Growth of the 2D Monolayer

Hexagonal boron nitride (hBN) is an insulating van der Waals crystal isomorphic to graphene. The
hexagonal lattice consists of alternating B and N atoms bonded with hybridized sp? orbitals. Despite
the similarities in the in-plane bonding of the hBN and G lattices, hBN is an insulator with a bandgap
of ~6 eV [18,39]. This bandgap differences between graphene and hBN arise from the differences in

p. orbital filling between the two crystals. In graphene the p, orbitals are half-filled. In hBN the p,

Sublattice A m—m Bond Length -1.451A

Sublattice B n— Lattice Constant -2.504 A

a) b)

Boron

Nitrogen

Figure 2.3 — Atomic models of a monolayer of hexagonal boron nitride (hBN). In a) the two sublattices of the
hBN are presented in red and blue, respectively. hBN is a diatomic crystal with each sublattice occupied by
one of the two elements, boron or nitrogen. This can be confirmed by comparing the sublattice model in a)
with the model in b) which depicts the lattice with the lattice positions occupied. The bond length of hBN,

and thus the lattice constant, are comparable with graphene, differing by only 1.8%.

orbitals are filled on B and empty on N atoms, due to the energy differences between the two sites.

The melting point of hexagonal boron nitride is greater than 2900°C in N, with a decomposition
temperature of up to 1000°C in air [40]. In addition to these properties, the large bandgap and inert
nature of hBN make it excellent for encapsulating van der Waals heterostructures, preventing

degradation and contamination while preserving the optical and electronic properties of the device
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[41]. hBN also makes a good substrate for 2D materials due to the lack of dangling bonds and charge
impurities. A small lattice mismatch of only 1.8% exists between hBN and graphene, with the lattice
constant of hBN being the larger of the two[42]. In general, similar lattice constants allow one material
to template the initial growth of a second [43]. Dean et al. (2010) showed that a hBN substrate can
improve the carrier mobility of graphene versus other substrates, and graphene/hBN devices have
been produced exhibiting density-independent carrier mobilities of 80,000 cm? V! s, three times

greater than that for graphene on Si/SiO; substrates [44,45].

The electronic bandgap of hBN was established only recently as being of indirect nature, at about
5.95eV [19]. The relatively high quantum efficiency has previously led to misidentification as a direct
bandgap, such as by Watanabe and Taniguchi in 2004 [18]. In 2016 Cassabois, in the paper ‘Hexagonal
Boron Nitride is an Indirect Bandgap Semiconductor’, established the basis of the current
understanding [19]. There is still some disagreement over the exact bandgap, but recent theoretical
and experimental studies have identified a shift towards a direct transition in the monolayer material

[39,46].

The large bandgap of hBN and strong covalent bonds result in the observed chemical inertness and
high stability of the bulk to monolayer material. As a result, hBN has been explored as an encapsulating
layer to reduce deterioration of devices involving more chemically active 2D materials [47,48].
Graphene tends to adsorb organic contaminants when exposed to air, black phosphorus deteriorates
rapidly when exposed to atmosphere [49]. Examples of hBN encapsulation of both materials show the

potential for stabilisation of 2D devices that would otherwise prove impractical.

The large optical bandgap of hBN, from ~5.3 eV for bulk material to ~6 eV for monolayer, has driven
interest in hBN as a component in deep ultraviolet detectors and emitters [50]. Recent studies have
demonstrated electroluminescence and photocurrent generation from hBN-based heterostructures,
which are expected to exhibit higher photoelectric efficiencies than other conventional semiconductor

based DUV devices [50,51].
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The growth of hexagonal boron nitride islands differs from those of its carbon-based counterpart due

to the lack of inversion symmetry. The presence of two species of atom in the lattice leads to a
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Figure 2.4 — The graph in a) and the shapes presented in b) — d) have been taken from Liu et al. (2011), in
which the chemical potentials of the constituent elements of hBN during growth are seen to result in
different island shapes on the surface of a Cu substrate. In a) the dependence of the edge energies of the Zs
(red), Zn (blue) and A (purple) edges on the chemical potential of B during growth is depicted. The expected
island shapes at ps of -0.86 eV, 0.85 eV and 2.69 eV are depicted in b) to d). Though this data was shown for
a Cu substrate in the work of Liu et al. the logic applies equally for a graphite substrate, though with
unknown values for the chemical potentials and the resulting transitions between the shapes. For each
growth state, representing a vertical line on the graph, a different island shape would be expected to result.
differentiation of the zigzag edges as mentioned before [52]. Since the A and B sites of the sublattice
are filled with B or N atoms the zigzag edge consists of entirely one element or the other. The result
of this is a potential for different growth rates between the nitrogen-terminated zigzag (Zn) and boron-
terminated zigzag (Zs) edges, which leads to island shapes not observed in the graphene growth on

some substrates and with some growth methodologies [52,53].

Liu et al. discussed the influence of the chemical imbalance of the hBN edges in determining growth

of hBN islands [52]. In their 2011 paper, Liu et al. use an equilibrium approach to establishing edge
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preference, starting by representing the edge energies as a sum over the atoms in the A and Z edges
[54]. The preferred edge is found to be dependent on the chemical potential of the system, which
itself depends on the chemical state of the constituents, as shown in Figure 2.4 which was taken from
the 2011 paper [52]. When the chemical potential of the N species is lower with respect to the B
species Zy edges will arise as depicted in Figure 2.4 a). The chemical potential of the constituents in
the system are dependent on several factors, such as the pressure, temperature, and the density of
atoms of the species. Under MBE growth conditions the system is not in chemical equilibrium,

however the energetics considered by Liu et al. are likely to still be relevant to our studies [52].

Zhang et al. established the nucleation barriers of the different edges, and describe how the barrier
energies of both zigzag edges vary with the chemical potential of the boron [53]. By considering the
growth from a kinetic approach, as opposed to the energy equilibrium approach of Liu et al., they
show that the direction-dependent growth velocity depends exponentially on the energy barriers. As
a result, ‘rounded’ polygons, or shapes with edges distinct from zigzag or armchair, are very unlikely.
hBN islands will therefore be predicted to take on triangular, hexagonal or dodecagonal shapes as
seen in Fig 2.4 taken from Liu et al. (2011) [52]. If nucleation occurs at step edges the resulting islands
will be trapezoidal or triangular, depending on the preferred shape and the relative orientation of the
step to the hBN lattice. Though the theoretical work of Zhang et al. assumed a copper substrate, it is

likely applicable to other substrates too [53].

The key observations to be taken here from these works are the limited variety of island shapes, and
the dependence of these island shapes on the growth conditions. The influence of the relative

proportions of boron and nitrogen species on the predominant growth edge should also be noted.
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2.1.3 Properties of Vertical G/hBN Heterostructures

The overlap of two similar lattices results in the formation of a superlattice, often described as the 2D
analogue to the beat frequencies observed by the overlap of 1D waves. In the systems considered
here the lattices are predominantly hexagonal, with similar though not identical lattice constants.
Figure 2.5 depicts the overlap of two similar hexagonal lattices, rotationally aligned, with a mismatch
in the lattice constants of 5.5%. As can be seen the two lattices periodically completely align and then

misalign, resulting in a hexagonal superlattice. The period, referring to this distance between aligned

sites, of this hexagonal superlattice can be obtained with the following equation.
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Figure 2.5 — Two overlaid hexagonal lattices with lattice constants differing by 5.5% are shown, with the
resulting superlattice being visible by the transition between regions in which vertices overlap perfectly and

those in which vertices are displaced significantly between the two lattices. The process is identical to that

seen in the overlap of graphene and hBN lattices, though with a lattice mismatch of 1.8%.
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Equation 2.21) has been used to show the dependence of the moiré superlattice period, A, on the
lattice mismatch between the graphene and hBN, §, the lattice constant of graphene, a, and the
rotational offset between the two, ¢ [55]. The moiré period is strongly dependent on the rotation of
the surface and on the relative difference in lattice constants. The smallest period in graphene on hBN
is obtained when the rotational misalignment is 30° due to symmetry considerations and leads to a
moiré period of ~4.46 A. The maximum period that can be expected with zero rotational misalignment
of the lattices is 13.6 nm. However, it is possible to achieve a greater period by application of strain.
Strain applied by stretching or compressing the lattices reduces the average difference in lattice
constants and results in much larger moiré periods. At 1.8% strain a lattice mismatch of zero is

reached, resulting in an infinite moiré period.

The two lattices of graphite and bulk hBN exhibit different stacking modes. The two relevant stacking
modes are labelled as AA and AB stacking. As depicted in Figure 2.6 a) in AA stacking the lattice sites
of one monolayer lie directly above the sites of the layers above and below. In AB stacking, shown in
Figure 2.6 b) the lattices of the layers above and below are offset by a vector equal in length to the
edge of one hexagon and oriented along the armchair direction. AB stacking, sometimes referred to
as Bernal stacking, is the mode exhibited by graphite. The stacking for hBN consists of an AA’ structure,
where the atoms of each adjacent layer have identical lateral co-ordinates, but the site elemental
occupancy is inverted between adjacent layers. For a vertically stacked, incommensurate
heterostructure the adjacent layers will consist of different materials, requiring new notation. If the
lattice constants of the two adjacent lattices differ then the stacking will change periodically across
the surface. An example of this is depicted in Figure 2.6 with a graphene monolayer lying beneath a
hBN monolayer. As can be seen in Figure 2.6 b), where the two lattices are aligned such that the sites
in the hBN layer lie directly atop those in the graphene layer the stacking can be labelled AA-type.
Regions of AA-type stacking will be separated by a lateral distance comparable to the moiré period of

the structure with the edges of the moiré hexagon exhibiting a transition between AA-type and AB-
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Figure 2.6 — Models depicting the AA and AB stacking modes. For each stacking mode a top down and side
on view is presented. A blue line identifies the profile along which the side on view has been taken. In a) the
corners of the hexagons in one monolayer lie directly atop the corners of the hexagons in an adjacent layer.
This is known as AA stacking, and is referred to as AA’ in the case of hBN when B atoms of one layer lie
directly atop N atoms in the adjacent layers. In b) half of the sites at the corners of the lattice of one layer
lie directly atop the corners of the hexagons in the adjacent layers. The remaining half of the sites,
alternating as one goes around the hexagon, instead lie at the centre of the hexagons in the adjacent layer.

This stacking is referred to as AB or Bernal stacking and is common to graphite.

type stacking [56]. At the corners of the moiré hexagons AB-type stacking will occur, with either B or
N atoms occupying the sites directly above the graphene sites in the layer below. Adjacent AB-type

regions will exhibit alternating elemental occupancy, as identified by Figure 2.7 c) and d).

Woods et al. describe how the graphene and hBN heterostructure can undergo a local transition into
a perfectly commensurate state. In this commensurate state the graphene lattice locally distorts to
match lattice constants with the hBN over a small area, with the resulting strain accumulated in edges

of the commensurate region [57]. The resulting alternating regions of lattice matching and strained
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b)

Figure 2.7 — Presenting atomic models of the changes in stacking mode through a hBN on graphene
heterostructure. The moiré pattern is depicted in a) and three positions of the lattice are highlighted. For
each position the atomic model is shown in b), c), and d). In these models the black lines refer to the
graphene layer, and the blue and red circles identify the boron and nitrogen atoms of the hBN, respectively.
At the centre of the moiré hexagons, as shown in b), the stacking is similar to AA, with graphene atoms lying
directly beneath the B and N atoms. At corners of the hexagons shown in c) and d) an AB-like stacking is
obtained. At adjacent corners of the moiré hexagons the elemental occupancy of the site lying above the

centre of the graphene hexagons is inverted between boron and nitrogen.

edges can be observed as a moiré lattice with a period greater than the unstrained maximum period

of 13.8 nm.

Summerfield et al. proceeded to show that the graphene lattice can be grown into this commensurate
state by means of high temperature MBE (HT-MBE), with the maximum period observed governed
approximately by the growth temperature [12,14,15]. The proposed explanation for the appearance
of the commensurate state in the HT-MBE produced heterostructures was the difference in the
thermal coefficients of graphene and hBN at the growth temperatures [15,58]. This leads to a build-

up of strain on the surface as the sample cools to room temperature post growth [15].

The presence of the moiré superlattice influences the electronic properties of the material. In

graphene the superlattice introduces secondary Dirac peaks with an energy dependent on the

29



wavelength of the moiré lattice [23,55,59]. It has also been previously hypothesised that the presence
of the superlattice could open up in a bandgap in graphene, which is required for the creation of
efficient graphene transistors [60,61]. The specifics of the bandgap are impacted by the stacking of
the vertical heterostructures, alongside any twist angle between the layers, and the layer spacing,

with the potential for a maximum bandgap of ~ 160meV [62].

In addition to the formation of a bandgap, potential optical properties of G/hBN heterostructures have
previously been discussed. As graphene is excited in the visible region and hBN in the ultraviolet
region, the two components of the hBN/G heterostructure are mostly unimpacted from an optical
standpoint [63]. As a result of this and the primarily c-axis oriented photoemission from hBN,
photocurrent generation in G/hBN/G vertical heterostructures was investigated by Song et al. [51]. In
this study the graphene layers, acting as electrodes, efficiently collected the photocurrent generated
by the bulk hBN material. This shows the potential applications for G/hBN heterostructures for the

purposes of ultraviolet detection or emission.

2.1.4 Lateral G/hBN Heterostructures

Lateral heterostructures, as opposed to vertical heterostructures, are confined to the 2D plane. In
lateral heterostructures an interface has formed between two materials with similar lattices within a
single plane of atoms, such as an in-plane interface formed between graphene and hBN. The
structures have generated particular interest for potential applications in the fields of integrated
circuits and quantum technologies. Previous instances of devices fabricated with lateral
heterostructures of some transition-metal dichalcogenides have exhibited very high-performance

[64,65].

The fabrication of G/hBN lateral heterostructures is additionally valued for the potential to design for

the energy band modulation of the resulting 2D material [66]. The formation of high lon/lof ratio field
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effect transistors (FETs) via G/hBNC/G heterostructures has additionally shown the potential for
incorporating the two materials, with variations in the relative carbon level of the BNC material

dictating the band structure and providing a means for tunability within the purely 2D system [67].

Beyond the tuneable band structure G/hBN materials exhibit localised energy states at the 1D
interface. These states exhibit a blue emission unobserved in the separate materials that can be
enhanced by the increase in interface density of the surface [68]. Kim et al. propose that other
unexplored properties of these interfaces may exist, such as unknown optoelectronic, or thermal
properties, arising from the disorder inherent to the lattice mismatch [68]. As a result of this interest
there have been several studies that have worked to produce lateral heterostructures of G and hBN

on copper substrates through the use of CVD [43,66,69,70].

In these works, the reliable growth of graphene on Cu has been used to provide island seeds for the
nucleation of the hBN. Alternating the deposition of the precursors for G and hBN has successfully
produced a 2D striped heterostructure upon the copper surface. The widths of the ribbons can be
controlled down to the scale of 100 nm. Regions of the graphene and hBN produced in this manner
exhibit wrinkles, expected to arise from differences in the differential thermal expansion coefficient

between the grown materials and the substrate [71].

Sutter et al. (2014) describe how the certain metallic substrates, such as the Cu commonly used in
producing the G/hBN structures, inhibit the phase separation between the graphene and hBN
resulting in the formation of a B-C-N phase [70]. The presence of C adatoms on the Cu substrate was
shown to result in this mixing and minimising the C adatom density provided a means to reduce the

prevalence of the B-C-N phase.
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2.1.5 Superlattices of graphene and hexagonal boron nitride

Superlattices consist of two or more materials layered periodically, with layer thicknesses usually
much greater than the lattice constant. Differences in band structures result in a structure similar to
multiple quantum wells, whereby the barrier width is small enough that the wells are coupled. This
simple understanding of superlattices may be complicated by the presence of edge states between
the two or more materials, which may be introduced by mismatching of the lattices. Additionally, the
growth of one layer upon the other is usually dependent on the matching of the concurrent lattices,

limiting the potential materials from which superlattices might be constructed.

Whereas the majority of superlattices are vertical, stacked such that the layer thickness of the
constituent materials defines the periodicity, the growth of 2D materials opens the possibility for
lateral superlattices constrained to a single monolayer. For lateral superlattices the periodicity is
defined by the widths of the nanoribbons making up the constituents. Graphene and hexagonal-boron
nitride superlattices have been modelled previously, and some studies have reported the fabrication

of large domain superlattices with these materials [72].

Significant interest in G/hBN lateral superlattices has focused on the thermoelectric properties of the
monolayer [73—75]. The generation of electricity from waste heat, a subject of considerable interest
for power-saving measures, has been previously limited by low energy-conversion efficiencies,
defined as ZT. A predicted ZT of 2.5 was predicted as a potential limit for some G/hBN superlattice
structures, comparable with other well-performing materials at the forefront of thermoelectric study
[74,76]. To increase the energy-conversion efficiency of these structures the periodicity must be
decreased, as the density of interfaces has been shown to lead to a reduction in thermal conductivity,

on which ZT is inversely dependent [73].

Superlattices of G/hBN on the scale of ~100 nm domains have been previously reported, from which
a split-loop resonator was produced [72]. The produced monolayers could be transferred to other

substrates, providing a means for the fabrication of compact and flexible components. However, for
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the purposes of achieving thin, high-efficiency thermoelectric materials, much smaller domains must

be grown.

2.2 Growth Processes for 2D Material Production

Bottom-up growth methods for the epitaxial production of materials on a substrate can result in one
of three primary growth modes. These growth modes are commonly referred to as Frank-van der
Merwe (FvdM), Volmer-Weber (VW), and Stranski-Krastanov (SK) growth. In FvdM growth the
material accumulating on the surface will form monolayer sheets, starting subsequent layers only

when the first is nearly complete. VW growth consists entirely of the growth of 3D islands, without
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Figure 2.8 — Three vertical diagrams depicting the distinct epitaxial growth modes of a material onto a
substrate. Characterised by differing equilibria between the strength of interaction between the material
and itself, and the material and the substrate, the result is island growth, layer growth, and layer into island

growth as a result of a weakening substrate influence.
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the formation of 2D layers. The third growth mode, SK growth, begins as 2D sheet growth and

subsequently transitions into island formation after the formation of some complete monolayers.

The three growth modes arise from differences in adatom-adatom and adatom-surface interactions.
If adatom-adatom interactions are stronger than those between the adatom and the surface the
growth will tend towards the formation of 3D islands and the VW growth mode. If adatom-surface
interactions are dominant, then monolayer sheets will form. The SK mode occurs when both of these
conditions are true at different periods of the growth process. Initially the surface-adatom interactions
are the strongest, leading to monolayers. As monolayers form, strain will accumulate from lattice
mismatches between substrate and the growing layers, which results in a transition towards island

growth after one or more layers.

A purely 2D growth mode is discussed by Lei Liu (2014) as a distinct mode of growth to FvdM [43]. The
three criteria for this mode are, growth entirely within a single atomic plane, the growth of material
from a 2D seed, and the crystallography of the grown material being entirely governed by the seed.
The results are thus distinct from the FvdM mode by the lack of any multilayer formation at later
growth times, with some process being necessary to inhibit the formation of additional layers. This

growth mode would likely be preferable for the formation of 2D lateral heterostructures.

Structural qualities of the graphene surface should be considered when estimating the results of a
growth technique such as grain sizes, defect concentration, and surface roughness. Electronic
properties such as carrier mobility are often compared when determining the quality of the material
[42,46,69]. This is because the carrier mobility depends on the density of ionized dopants, intentional
or otherwise, and on the density of defects present in the sample. Other factors, such as any substrate,
will also influence the carrier mobility, so it is not a perfect method for the identification of pristine

monolayers.

Graphene can be grown following the Frank van der Merwe growth mode (FvdM) on the hBN surface,

forming predominantly a single layer growing from the nucleation centre [9,77]. The availability of
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nucleation sites, the growth rate and the preferred growth edges may vary with the specifics of the
growth process, but the essential growth mode is unchanged. To promote graphene growth over the
other allotropes of carbon it is often preferable to make use of templating, whereby the growing
monolayer is guided by the substrate layer. Several hexagonal lattices can used for this purpose, such

as the previously mentioned hexagonal boron nitride and the iridium (111) surface [23,59].

When a monolayer or higher step is present on the surface of the growth substrate it will often provide
a site for the nucleation of new monolayer growth. In these instances the shape of the monolayer

island will be obstructed by the presence of the step, as a result of the energy cost for adsorbed atoms

a) Islands of hBN nucleated on terraces

O OV

b) Islands of hBN nucleated from steps

Figure 2.9 — Epitaxial hBN forms hexagonal or triangular islands on many substrates. Diagrams are presented
to show the alternate shapes that would be expected from nucleation along a step on the surface of the
substrate. In a) the original shapes are presented, as if nucleation and subsequent growth occurred entirely
on a terrace of the substrate. In b) arbitrary steps are drawn across the islands. Steps on the surface hinder
adatom migration due to the energy cost of migration up or down steps, which would be expected to limit

the growth of the islands.
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moving up or down a surface step [78]. In the case of graphene on hBN this results in irregular

structures forming at step edges, such as those depicted in Figure 2.9.

For the production of monolayer thickness material both an appropriate substrate and exfoliation or
epitaxial growth process must be selected. Four common methods for the fabrication of 2D van der
Waals structures are discussed below with the advantages and disadvantages considered. The reasons

for the selection of MBE for this work will also be presented.

2.2.1 Exfoliation of Graphene

The first identified method for obtaining monolayer graphene is that of exfoliation from a bulk
graphite source. This method, now known as the ‘scotch tape’ method, was first described by
Novoselov and Geim in their seminal 2004 paper, ‘Electric Field Effect in Atomically Thin Carbon Films’.
The process involves the repeated peeling of thin layers from the bulk material and the subsequent
deposition of these thin layers onto a substrate [21]. Though the specific process varies significantly

between studies, how the technique results in graphene flakes remains the same.

First, a small flake of the source material of about 1-2mm across, is placed onto an adhesive tape; here
we used Scotch® tape. The sticky side of the tape is folded in half and the two sticky ends brought
together until the crystal is fully enclose by the tape, at which point the tape is pulled apart. This will
cleave the crystal parallel to the plane of the layers as a result of the relative weakness of the interlayer
forces. This procedure is then repeated until the tape is coated in a layer of thin crystalline material.
Finally, the loaded tape is firmly pressed onto the substrate surface and peeled away, leaving some of

the crystalline material on the substrate.

While the majority of material deposited in this way will consist of few-layer up to several tens of
microns thick material, monolayer material will also be found on the surface. Graphene and few layer

graphene (FLG) obtained in this manner both exhibit very high mobilities, up to about ~10,000 cm?/Vs.
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As noted before carrier mobility is commonly used as a metric for identifying high quality material due

to its dependence on defects density.

Alternative methods for overcoming the interplanar interaction of van der Waals crystals to produce
mono- or few-layer material are available, such as ball-milling, electrochemical exfoliation, and liquid-
phase exfoliation. All these methods use shearing and normal forces, but the resulting distributions of
large to small crystals and bulk to monolayer flakes will differ between methods. Of these techniques
liguid-phase exfoliation (LPE) has been adopted by some companies for the large-scale production of
few-layer material. The produced material remains in a stable dispersion until deposited onto a
surface, and consists of flakes with length scales of 300 — 800 nm and thicknesses less than ~10 ML
[79]. Flakes of these scales are valuable for the fabrication of conductive coatings and printed

electronics [80].

2.2.2 Chemical Vapour Deposition of Graphene and hBN

Chemical vapor deposition (CVD) involves the interaction of reactants present in a gaseous form with
a heated catalytic substrate, such as that depicted in Figure 2.10. The process aims for the formation
of crystalline materials on the substrate, with thicknesses ranging from individual monolayers up to
microns. In the conversion of the reactants to the final products three interactions are involved, these
being thermal decomposition, chemical synthesis and chemical transport [1]. Thermal decomposition
refers to the breakdown of a reactant into one or more products as a result of heating. Chemical
synthesis refers to the reaction of one or more reactants into one or more products. Finally, chemical
transport is a process by which reactants at point A react to form volatile intermediate products, which
may diffuse through the controlled environment until reacting at a destination to form the final

products.
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These processes are controlled by manipulation of the flow rates, densities of precursor gases, and
the temperature of the substrate. By using lower pressures, the volume flow and velocity of the gas
are greater for the same molar flow over the substrate, and the precursor concentration is lower. The
low concentration and high velocity of the incoming material improve the controllability of the
reactions. Low pressures can contribute to differences in the resulting surface, as seen in MoS; where
a layer-by-layer growth is observed at low pressures, compared to a mixture of mono-/multilayers at

higher pressures [1].

Temperature is another tuneable parameter of the system, for which strict control is necessary. Even
small changes in the temperature at the source can alter the saturation pressure of precursor
materials resulting in significant impacts on the growth. It also influences the reactions in the system
as higher temperatures can overcome greater energy barriers or increase the rate at which reactions
occur. For example, increasing the temperature of the substrate increases the diffusion rate of atoms

on the surface, which improves the uniformity of the final product.

In general, CVD growth of graphene makes use of a methane precursor over a metallic substrate

[24,46,69,77,81]. The methane gas dissociates to allow carbon accumulation on the substrate at

a — O
Reactant Waste
Gases Gases

Heated Substrate

rrrrtfetet

Figure 2.10 — A diagram depicting the chemical vapour deposition (CVD) process. Reactant precursor gases
are passed over a heated, usually catalytic, substrate resulting in the breakdown of the gas into constituents.
Some of the reaction product will then go on to form the epitaxial layer, while the rest is removed from the
chamber as waste gases. The manipulation of the precursor material, flow rate, alongside substrate material

and temperature, make this process highly tuneable.
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temperatures between 1000°C and 1600°C. Choice of precursors and substrate can also significantly
alter the quality of the final product. Substrates that have previously been used for the production of
graphene by CVD include Au, Cu, Co, Ir, Fe, Ni, Pt, Rh and Ru [82]. Of the various catalytic metals used,
the most common substrate is copper, though nickel and iridium have also been widely studied
[83,84]. The copper foils used in the process are low cost and exhibit low carbon solubility at standard
CVD growth pressures [85]. The purely diffusive growth process observed on copper and gold
substrates favours the production of a single complete monolayer graphene due to the inability of the
methane feedstock to access the catalyst where the graphene is already present [82]. This occurs due
to the low solubility of carbon in these metals, and results in reduced multilayer formation and larger

grain sizes compared to some other substrates [10].

The quality of the graphene layers formed via these processes can approach that of mechanically
exfoliated graphene. This has usually been estimated by the field effect mobility exhibited by the
graphene samples. Exfoliated graphite devices offer mobilities in the range of 3000 to 10,000 cm?/Vs
[21], while higher quality CVD grown samples on copper attain values up to 5500 cm?/Vs [83,86]. By
varying the substrates used in the growth process it has been shown that significant improvement in
the graphene-based devices can be obtained. The lack of dangling bonds and the resulting low
reactivity of the hBN lattice leads to greatly improved mobilities [5]. To make use of these beneficial
properties one can transfer CVD-grown graphene onto the hBN film resulting in mobilities of 20,000

cm?/Vs or larger, much greater than exfoliated graphene on SiO; substrates [5,87].

hBN growth by CVD can be achieved through the use of ammonia borane or borazine precursors [85].
Subsequent graphene growth on these CVD-grown hBN layers tends to form layers beneath, rather
than on top of the hBN layer [81]. If the hBN is thick enough to isolate the growing graphene from the
metallic surface the graphene will grow on the top surface of the hBN. For graphene grown on thick
hBN crystals moiré patterns occurring on the islands of graphene show that the graphene lattice aligns

with the underlying hBN, and interfacial stress is mostly released [77]. These graphene islands exhibit
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hexagonal forms, following the zigzag and armchair edges of the graphene lattice. This is to be

expected for graphene growth that has been templated by the underlying hexagonal lattice.

Since hBN is an insulator, carrier mobility cannot be used to characterise sample quality. As described
by Uchida et al. (2020), grain size can provide an alternative method for comparing material quality
between studies [88]. Substrate selection plays a substantive role in the quality and functionality of
grown hBN material, with a variety of substrates having been used previously. Metallic substrates for
hBN growth, such as Cu(111) thin films, Cu foil, Ni(111), and Ir(111) among others, provide a catalytic
surface for the decomposition of the hBN precursors [89—93]. These surfaces exhibit hexagonal
symmetry and lattice constants similar to that of hBN. As hBN has previously been shown to preserve
the mobility of graphene layers when acting as a substrate, several studies have been performed to
grow mono- or few-layer hBN with large domains. A primary goal of the CVD production of hBN has
been to maximise the scale of hBN grains in order to reduce presence of defects inherent in the
merging of domains. Studies on Cu(111), Cu foil, and Ir(111) have identified the importance of steps
in the metal surface from which hBN may nucleate [90,92,94]. Steps on the Ir(111) and Cu(111)
surfaces were shown to align the orientation of nearby domains, reducing the defect density upon
coalescence. Similarly, the use of step edges in an annealed Cu (110) foil by Wang et al. resulted in the
production of a 100-square-centimetre single-crystal hBN monolayer [94]. To date CVD growth of hBN
on Cu(111) substrates provides for the greatest lateral scale production of the single-crystal hBN
monolayer. Ni(111) substrates are considered valuable for the production of hBN due to a better
lattice match than other transition metals, and a stronger interaction between metal and grown film.
These properties have the potential to increase the growth rate of the material, improving the
scalability of production. It has additionally been shown that hBN material grown on the Ni(111)
surface via CVD allows for the fabrication of 2D adlayers above and below the hBN layer, providing a

means for the catalysed production of multiple 2D layers into atomic heterostructure stacks [95].
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The study of hBN growth on non-catalytic substrates, such as sapphire and SiO,, is considered valuable
for the avoidance of transferring the resulting material for device fabrication, such as single photon
emitters and 2D FETs [96,97]. Growth on sapphire surfaces is also valuable as it provides a means for
the integration of hBN into existing device platforms, such as GaN and Al(In,Ga)N. Similarly, deposition
of hBN on silicon substrates allows for simple integration into existing semiconductor device
structures. However, CVD growth of hBN on non-catalytic substrates tends to produces low grain
sizes, usually on the order of ~100 nm [98]. The largest domain size for a non-catalytic substrate to
date was ~1 um on a graphite surface [99]. In comparison the growth of hBN on a Ni-Fe film on r-
sapphire results in grain sizes over ~10 um [88]. As with previous growths of hBN on metallic
substrates, transfer of the hBN onto other substrates is necessary for the formation of many devices.
During this transfer process the introduction of defects is possible and thus direct growth of hBN onto

the final substrate remains preferable.

The growth of hBN on HOPG substrates is of interest as a path towards the fabrication of multilayer
graphene/hBN heterostructures, acting as a template for first layer growth. Fabrication of hBN on
HOPG is additionally valued for the two-dimensional nature of the HOPG material, and the avoidance
of transfer processes. Previous growths of hBN on HOPG via MBE have also demonstrated high optical
quality, necessary for the production of potential DUV emitters [12]. It is for these reasons that HOPG

substrates were selected for hBN growth in this work.

2.2.3 Molecular Beam Epitaxy of Graphene and hBN

Molecular beam epitaxy is a process whereby evaporated beams of precursor material impinge upon
a heated substrate under ultra-high vacuum (UHV) conditions (pressures < 10 Torr). The beams are
formed inside effusion cells by sublimation of the bulk source material. As shown by the diagram in
Fig. 2.11, the beams then traverse the ultra-high vacuum environment onto a substrate mounted atop

a heater [100]. A low depositon rate can be used in an UHV environment, allowing for slower, more
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controllable growth. Several parameters in the system can be tuned to control the growth. Examples
of these parameters are the nature of the effusion cell and the species source material it produces,
alongside the incoming flow rate, substrate, and substrate temperature, all influence the results of

the growth [100].

Previous studies by the Nottingham MBE group have investigated the practicalities of growth and the
unique features of graphene and hBN produced using high temperature molecular beam epitaxy (HT-
MBE) [39,101,102]. Previous attempts to grow graphene by MBE were unable to produce clean
graphene, with small, nanometre scale, domains and large quantities of amorphous carbon material
on the surface [9,103]. These early growths were carried out with growth temperatures lower than

1000°C, being limited by the available MBE systems.

With the introduction of the modified Veeco-system at Nottingham higher growth temperatures have
been used and shown to produce much higher quality samples. Graphene has been grown on hBN
flakes supported by a 1cm? sapphire chip. At temperatures at or above 1650°C the graphene layer
exhibits greatly reduced defect presence, as established by Raman spectroscopy in Cheng et al. (2016)
[12]. Samples produced in this manner additionally exhibit graphene domains of the order of ~20um
[15]. These improvements appear to arise from the significantly improved diffusion of carbon on the

hBN surface at these temperatures.
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Figure 2.11 — A diagram is presented of a simple molecular beam epitaxy (MBE) system. In this system an
effusion cell containing a precursor material is heated resulting in a beam of constituent material. The beam
passes through an ultrahigh vacuum environment until collision with the substrate. The epitaxial layer then
accumulates from this material. The precursor material, substrate, growth temperature and flow rate are all

variable parameters, allowing for precise control over the resulting surface.

hBN has been grown on HOPG substrates in the same MBE system. Laleyan et al. and previous works
from Nottingham have shown higher temperatures, such as those above 1300°C, lead to monolayer
boron nitride growth [8]. The grown material was shown to exhibit minimal defects and high

crystallinity.

In Chapter 5, a study has been carried out comparing the quality of graphene material generated with
different carbon sources during MBE growth. Prior studies of the high-temperature molecular beam
epitaxy (HT-MBE) growth of graphene used one of two different sublimation sources. The first of these
sources consisted of a simple graphite filament, through which a current was passed [14,15,104]. This
results in Joule-heating of the filament and sublimation of carbon clusters, which can then be directed
onto a substrate. The source has been described as unreliable in deposition, with the quality of the
deposited sheets varying between depositions. The second source consisted of a sealed tantalum (Ta)
tube containing graphite powder [14,16]. Joule-heating of the Ta tube causes a chemical reaction
between the carbon and Ta, allowing for the diffusion of the carbon through the walls of the tube. At

the external surface of the tube the carbon can evaporate and be funnelled towards the substrate.
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The potential benefits of this second source, described by Albar et al., include the sublimation of
primarily atomic carbon material, as opposed to the carbon clusters obtained by other sources [16].
This source was limited in practice by the semi-regular breakdown of the filament, with a new filament
being required after every fifth or sixth deposition. These sources are compared to a new e-beam

sublimation source in Chapter 5.

2.2.4 SiC Decomposition for Graphene Production

Graphite can be formed by the thermal degradation of silicon carbide, SiC. When SiC is heated to
temperatures above 1150°C under vacuum conditions the vapor pressure of Si becomes very high
compared to that of the C [105]. This results in a silicon-depleted region near the surface, which will
restructure into graphite due to its thermodynamic stability. Charrier et al. established that the
substrate temperature during the process strongly influences the number of layers in the resulting
material, and that single-layer graphene can be obtained [106]. Graphene produced by SiC
decomposition does not require transfer to other substrates for practical application, as it resides on

a semiconducting Si substrate common to electronic devices.

Initially graphene produced from these techniques was of low quality as the high sublimation rate and
low temperature led to minimal surface reconstruction. By encapsulating the SiC crystals in graphite
the evaporating system is brought closer to equilibrium, allowing for more controlled growth. As a
result the quality of SiC degradation produced graphene can be significantly improved [107]. In De
Heer et al. the quality of the graphene sheet is established with Raman spectroscopy [107]. Raman
spectroscopy of graphene, as will be discussed further in Chapter 3, allows for the identification of
defect presence by measuring the relative height of the D peak response. The concentration of defects
has been assigned as a measure of quality, due to the influence of defects on the electronic and optical

responses of the graphene monolayer.
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Production of graphene with SiC decomposition in an argon atmosphere at 1 bar was identified by
Emtsev et al. to result in a significant improvement in quality and greater monolayer domain sizes
[105]. This increase in quality was assigned to the much higher annealing temperatures that can be
used before Si sublimation arises. In vacuum conditions Si sublimation becomes significant at 1150°C,
whereas no sublimation was observed below 1500°C in the argon atmosphere. As a result, surface
diffusion is increased and surface restructuring can take place prior to graphene formation, leading to
a flatter substrate geometry. This method of graphene production is capable of reliably generating
mono- to few-layer material with large (2 — 20 um) domain sizes on a flat, semiconducting substrate

[108].

2.3 Supramolecular Assembly of CA.M

A supramolecular network is an interconnected complex of molecules bonded with non-covalent
interactions. For example, monolayer networks bound with van der Waals interactions or hydrogen
bonds. The formation of these supramolecular assemblies is governed by molecular self-assembly
processes. Such processes are characterised by the lack of outside influence on the ordering of the
resulting network, with the structure of the network arising primarily from the chosen substrate and

the molecules contributing to the network.

The networks formed from molecular self-assembly exist in a thermodynamic minimum of the system,
and as a result their production is highly reliable [109]. Candidate molecules must be carefully
selected, or network formation may not occur. Due to the weak nature of the interactions joining the
molecules the sum of entropic contributions to the formation of a network can become significant
[109]. To limit this the molecules involved should be capable of forming multiple noncovalent

interactions.
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Figure 2.12 — Displayed is the lattice formed by cyanuric acid and melamine, represented in red and blue
respectively. The dashed lines joining labelled atoms represent the positions of intermolecular hydrogen
bonding, whereas filled lines correspond to intramolecular covalent bonding. The trisymmetric nature of
the two molecules allows for the formation of hexagonal networks, repeating with a period of ~0.99 nm, as
measured by Korolkov et al. on the hBN substrate. Hydrogen bonds formed between the oxygen species of
the cyanuric acid and the amino groups of the melamine produce the stable 2D network.

The first network considered here is that of cyanuric acid-melamine (CA.M), which forms a repeating
structure involving a 1:1 stoichiometric ratio of cyanuric acid and melamine molecules. A diagram of
the resulting hexagonal structure is displayed in Figure 2.12, consisting of two sublattices distinguished
by the presence of one or the other of the molecular components. Each molecule forms three
hydrogen bonds with each neighbour, so the structure is comparatively strong for a supramolecular
assembly. Due to the relatively large number of hydrogen bonds the structure is stable up to
temperatures around 350°C [110]. In contrast to other structures CA.M can be produced in laboratory

conditions and the resulting open, hexagonal network is ideal for subsequent functionalisation [111].

A previous study by Korolkov et al. reported that the CA.M network can be used to improve the
atmospheric stability of a black phosphorus (bP) surface [112]. The network, after deposition onto the
bP, limited the contact of the black phosphorus surface with oxygen and water, removing the pathway
for degradation [113]. In that study the CA.M structure consisted of a single near-complete monolayer.

Due to its relatively high strength and lack of in-plane conductivity an ordered multilayer formation of
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CA.M could be expected to form a stable tunnelling barrier when sandwiched between conducting

layers.

2.4 Summary

As was discussed MBE is theoretically effective in the production of van der Waals materials at low
temperatures without the need for catalytic metal substrates. Until recently minimal studies had been
undertaken on the use of MBE for growing hBN/HOPG or G/hBN structures. In this thesis the growth
of hBN/HOPG and G/hBN samples produced at high temperatures (>1000°C), and analysis of surface
morphologies with AFM is reported. In the next Chapter the methodologies and techniques necessary

to produce and investigate these heterostructures is detailed.
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Chapter 3: Experimental Techniques

3. Introduction to Experimental Techniques

In this Chapter the various techniques for sample preparation and analysis underpinning the research
presented in this thesis are discussed. In Section 3.1 a description of the scotch tape exfoliation
method is provided. This technique was used to produce thin graphite and hBN flakes on Si/SiO,
substrates for subsequent deposition of cyanuric acid-melamine networks (CA.M), perylene
tetracarboxylic diimide (PTCDI), MBE growth of hBN and/or graphene. Scotch tape exfoliation was also
used to produce thin hBN flakes on sapphire substrates for MBE deposition. In Section 3.2 the
preparation of samples for MBE deposition is discussed, focusing on the cleaning of substrates prior
to introduction in the vacuum chamber. The Section also introduces the MBE setup used and the

parameters for deposition.

Sections 3.3 and 3.4 provide the underlying theory and the methods used for, respectively,
photoluminescence studies and Raman spectroscopy in this work. Photoluminescence was applied to
analyse the molecular layers on graphene and hBN substrates. Raman spectroscopy was used to
characterise G/hBN samples. In Section 3.5 X-ray photoelectron spectroscopy is described. Data
acquired from the technique is presented in Appendix | to discuss the elemental environment at the

surface of some samples.

Sections 3.6 and 3.7 describe the setup and methodology for the deposition of PTCDI and CA.M onto
substrates via vacuum deposition and immersion deposition, respectively. These layers were

deposited on HOPG and hBN/Si substrates.

Images of the grown samples were acquired with atomic force microscopy (AFM) in tapping, contact,

or conductive modes. Section 3.8 provides a theoretical basis for the tapping and contact modes with
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the dependences of measured characteristics on surface properties. The Section then describes the

experimental setup used in this work.

3.1 Exfoliation of van der Waals Crystals

Exfoliation methods enable production and transfer of thin flakes of vdW crystals onto substrates. In
this work the scotch tape method was used to deposit thin flakes of hBN and G onto sapphire and hBN
substrates respectively. The fabrication of thin 2D material flakes via exfoliation has been a prominent
technique since the isolation of monolayer graphene by Geim and Novoselov in 2005 [114]. Exfoliation
methods vary in detail, but primarily consist of the cleaving of vdW materials by mechanical forces
[115]. A scotch tape exfoliation method was used for sample preparation in this work with adhesive
tapes used to pick up bulk crystals of the relevant material. After pick-up the tapes were folded on
themselves such that the crystals stuck to the tape on two sides. By peeling the folded tapes apart the
crystals cleave and repetitions of this process result in few-layer or monolayer crystals [116]. Following
the loading of the tape with the few-layer crystals the tape is gently pressed onto the required
substrate, such that the crystals are in contact with the substrate and the adhesive tape. By slowly
peeling the tape away from the substrates some of the few-layer flakes will be deposited onto the

surface.

The technique relies on the weak interlayer bonding found in Van der Waals (vdW) crystals in order
for the materials to cleave when the adhesive tape is separated. Due to the relatively weak bonding
between the planes in the materials, there is a tendency to cleave parallel to the plane. The stronger
bonding of the tape to the crystal also results in cleaving during the final deposition. As a result the
uppermost surfaces of most of the deposited crystals are expected to be free from adhesive residues.
Flakes produced with this method vary in scale laterally from tens to over 100 microns on the surface,
and vertically from a single monolayer up to 10s of nanometres. These heights can be identified by

AFM, and thinner flakes can be broadly identified via optical microscopy. For thin graphite flakes on
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Si0O,/Si chips a small contrast between the colour of the flake and the substrate signifies that the

observed flake is thin on the order of monolayers [117].

The method works equally well for the production of thin graphitic and hBN flakes and has been used
for the preparation of thin-layer material for subsequent MBE depositions as well as CA.M and PTCDI

depositions.

3.2 Sample Preparation for Molecular Beam Epitaxy

Boron, nitrogen, and carbon were deposited within an MBE with the intent of producing hexagonal
boron nitride and graphene monolayers. Prior to MBE growth it is necessary to clean the substrates
to remove volatile contaminants. All samples that underwent MBE deposition for this work consisted
of thin hBN flakes exfoliated onto a 1 cm? square sapphire substrate or 1 cm? HOPG chips. The
exfoliation process leaves residues of the adhesive tape on the sapphire surface alongside the thin
flakes. This tape residue must be removed prior to transfer into the vacuum system. The process used
to clean the hBN/sapphire and HOPG substrates is described in works by Cheng and Summerfield, and
consists of two stages [12,15]. The HOPG with the outermost faces exfoliated and hBN/sapphire
substrates are firstly immersed overnight in 99.9% pure toluene obtained from Sigma Aldrich.
Subsequently, the substrates are annealed in a tube furnace at 300 °C and 400 °C (HOPG and
hBN/sapphire respectively) for 4 hours in a flow of 5% hydrogen to 95% argon gas at 0.15 slpm. At
these temperatures the hydrogen reacts with and removes the organic contaminants on the surface
[2,118]. After the substrates are loaded into the ultra high vacuum (UHV) system they are outgassed

at 400 °C for 0.5 hours prior to growth.

The MBE system used is a custom GENxplor MBE system purchased from Veeco and modified to
extend the range of growth temperatures up to 1850 °C. To deposit carbon a vertical e-beam source

(EBVV 63-T4 supplied by MBE Komponenten) is used in combination with a high-purity pyrolytic
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graphite charge as the anode target for the production of the carbon flux. This source relies on
thermionic emission to release electrons from a tungsten surface, which are subsequently accelerated
by a potential difference of 5 kV for a current of 300 mA. The path of these accelerated electrons is
directed by a perpendicular magnetic field towards the solid carbon source. This curvature prevents
contaminants from the tungsten surface impacting the sample growth. Additionally, the e-beam can
be raster-scanned to minimise the drilling of the beam into the surface, which would reduce overall

carbon flux over time.

For the production of hexagonal boron nitride, a solid boron source and a nitrogen plasma were used.
The nitrogen source consists of a high-efficiency radio-frequency (RF) plasma source using a fixed RF
power of 550 W with a nitrogen flow rate of 2 sccm. The boron source was an EBVV 63-T4 vertical
electron beam evaporator, directed onto a crucible containing pure boron crystals. During e-beam

hBN growth the current was 50 mA with the electrons accelerated by a potential of 6 kV.

3.3 Photoluminescence

In this work photoluminescence was carried out on molecular networks of CA.M and PTCDI deposited
on hBN and HOPG substrates. Photoluminescence is the emission of light (luminescence) from a
material after it is excited through the absorption of incident photons. If an absorbed photon is of
sufficient energy it will elevate an electron from a ground state to an excited state of the system. From
here there are multiple potential processes which can result in luminescence, such as fluorescence

and phosphorescence.

In the ground state all orbitals up to and including the highest occupied molecular orbital, shortened
to HOMO, are occupied [119]. Photons of sufficient energy can be absorbed to excite an electron in
the HOMO state to an orbital with energy at or greater than the lowest unoccupied molecular orbital

(LUMO). HOMO orbitals are may be those with greater percentage p character, from which electrons

51



2 iA : :---‘l- ------------------ :
Excited 11— ! 1 !
0 H v 1 1 v '}
! = ! :
I ! [ !
1 1 1 1
1 1 1 1
1 ! 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 ! 1 1
2 i : i
Ground 1 i H i
So To
Fluorescence Phosphorescence

Figure 3.1 — Diagrams depicting the fluorescence and phosphorescence processes occurring between energy levels
labelled as ground and excited. Three vibrational sublevels of the electronic states are depicted and it should be
observed that the excited energy states of T; are lower in energy than S;. The S labelled states are singlet, while the T
labels refer to triplet states. Transition between singlet and triplet states is forbidden by symmetry, but may occur in

practice due to the spin-orbit interaction between singlet and triplet states.
may transition to (LUMO) antibonding orbitals after photon absorption [119]. Incident photons of
insufficient energy to excite an electron into a LUMO state may give rise to exciton formation. That is,
the creation of a bound e-h pair. Excitons may also form from the relaxation from an excited state and

may result in quenching of the fluorescent emission [120].

Vibrational levels, such as the levels labelled 0, 1, and 2 in Figure 3.1, subdivide the electronic states.
These vibrations may consist of stretching, rotation, or torsion along single or multiple bonds of the
molecular structure. The presence of the many distinct vibrations acts to create a broad structure of
sublevels associated with each electronic level, which may appear as multiple sharp peaks or as

broadening of the emission dependent on equipment precision.

As depicted in Figure 3.1, fluorescence transitions occur between singlet states. Electrons in a
molecular orbital exist in one of two spin states, usually labelled up and down. The electronic states
of each molecule can be distinguished as singlet or triplet in nature. Singlet states are those for which
electrons can be paired with opposing spins, leading to a total spin of zero. Triplet states are those for

which two unpaired electrons with the same spin are present. Transitions between states of different
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multiplicity, that is singlet and triplet, are forbidden. However, spin-orbit coupling between the
distinct states results in the possibility of transition [119]. With a non-zero probability for an electron
to be in singlet or triplet state it is possible for a molecule to undergo a transition between singlet and
triplet states. This is referred to as intersystem crossing and plays an important role in

phosphorescence.

Emissions from excited states can be reduced by a series of processes known as quenching. Quenching
processes are separated into two categories, static and dynamic. Static quenching refers to the
formation of a non-fluorescent complex between the quencher and the dye molecule [121]. The
formation of the complex, which may occur when quencher and molecule come into contact, reduces
the fluorescence intensity as a result of the reduced availability of fluorescent molecules. Dynamic
guenching is a group of processes in which interactions between an excited fluorescent molecule and

act to deexcite the molecule without luminescent emission from it.

The graphite substrates used in Chapter 8 quench fluorescence predominantly via an energy transfer
mechanism [122]. This process was described by Persson and Lang to result from the coupling
between electron-hole pairs in the metal quencher and the vibrating dipole of the excited molecule
[123]. Energy transfers from molecule to metal at a rate dependent on the distance between the metal
and the molecule. As a result, the presence of a spacer layer, or the suspension of the molecules above
the metallic surface, will act to reduce the effect of the quencher and increase the intensity of the

emission.

To measure fluorescence a source of photons with known excitation energy is directed onto a sample,
and the wavelength dependence of the intensity of the emitted light is measured. Lasers are often
used as sources, due to their highly monochromatic emission. The power can be controlled and the
emission is spatially localised. The slight variance in the frequency of the laser light can be further

reduced by the use of certain filters prior to direction onto the surface.
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In our setup laser light is then directed onto the sample via a beam splitter and a focusing objective
lens. The fluorescent emission from the surface is collected with an objective lens and directed
through a beam splitter towards a diffraction grating, followed by a CCD detector. By rotating the
diffraction grating, wavelengths within a particular range can be selected and directed onto the CCD

collector, allowing for identification of the intensity of the emission within the wavelength range.

For this work the laser used is a Horiba Deltadiode 405L providing a 405nm wavelength with an
average power of 10 uW over a spot size of approximately 2 um. Individual spectra were plotted using
OriginPro 8.5, which provides a peak fitting program. Peaks were fitted to the data with a Voigt profile
due to the possible presence of homogenous and inhomogeneous broadening of the peaks. Multiple
spectra can be used to map a surface with a precision down to the diffraction-limit of the system. The
spectra are obtained at multiple points over a surface, usually defined by a rectangular grid of points.
A false-colour image can then be generated by assigning colour dependent on the intensity, positions,

or full width half maximum (FWHM) of a selected peak.
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3.4 Raman Spectroscopy

Raman spectroscopy has been used in this thesis to estimate changes in the local lattice properties of
graphene grown on hBN/sapphire substrates. In Raman spectroscopy a laser is shone onto a lattice or
molecule, exciting it into a virtual energy state. Subsequently the excitation energy will be re-radiated
as a photon. If the returned photons possess the same energy as the outgoing then no total change in
vibrational state has occurred between absorption and emission and the result is termed Rayleigh
scattering. The two alternatives to the more common Rayleigh scattering are depicted in Figure 3.2. If
the re-emitted photon is of an energy greater than the original photon, then the atom that absorbed
it will have started in a vibrational state higher than the ground state. As a majority of molecules or

atoms in the lattice will populate the ground vibrational state at room temperature this form of
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Figure 3.2 — Raman photon emissions arise from the excitation of electrons into virtual electronic states and the
subsequent drop down into a ground state differing from that which the electron originally occupied. De-excitation into
a different ground state to the original occupation, which is usually the O state at room temperature and below, occurs
due to interaction with phonons in the lattice. As a result, the Stokes and Anti-Stokes processes, labelled in the diagram,
provide a means for identifying properties of the atomic lattice under investigation. Small changes in the lattice, such
as those originating from strain or doping, can be measured by investigation of changes in the emissions from Raman

processes.
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Figure 3.3 — Diagrams of the iTO and iLO tangential stretching phonon modes at the I point, and the iTO
breathing mode at the K point. These modes contribute to the G and D peaks of the graphene Raman
spectrum. The G peak arises from a first-order process involving the interaction of iTO and iLO phonons at
the I point with an excited state. The D and 2D peaks result from more complex processes involving iTO
phonons at the K point.
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scattering, termed anti-Stokes Raman scattering, is uncommon and returns a relatively weak signal

[124].

If the molecule or atom emits a phonon prior to emission of the captured photon the resulting photon
will exhibit a loss of energy equivalent to the difference in a vibrational state of the molecule or lattice.
This is by far the stronger of the two non-Rayleigh processes and is known as Stokes scattering [124].
In this work all measurements taken with Raman spectroscopy were confined to Stokes scattering and

any references to Raman implicitly refer to the detection of the Stokes emission.

Not all vibrational modes of a lattice will resultin a Raman emission as a result of selection rules arising
from symmetry considerations. For graphene there are three peaks commonly observed in the
spectrum, labelled G, D and 2D [125,126]. The G band is associated with the doubly degenerate iTO
and iLO phonon modes at the I point, as depicted in Fig. 3.3 [127]. The G peak is the only Raman-
active band observed in graphene that consists of a first-order process. The peak is non-dispersive and
is seen at a wavenumber of ~1580 cm™. The position of the G band is sensitive to the number of
graphene layers, as well as the level of doping and surface strain, providing a means to identify several

key properties of a produced graphene surface [128-130].
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The D and 2D bands involve iTO breathing mode phonons at the K point. The D band is a forbidden
mode in pristine graphene, but can be activated by the presence of defects or edge states. This is due
to the second-order or double resonance process that results in the band involving one inelastic
scattering event from an iTo mode phonon and one elastic scattering event from a defect. Somewhat
similarly to the D band, the 2D band arises from iTo phonons at the K point. It is distinct by requiring
two iTO phonons, without need for a defect as part of the process. As a result, the presence of defects
is not necessary for the activation of the 2D band, and 2D peaks are observed in the pristine graphene
spectrum. Due to the symmetry of the graphene valence and conduction bands near the Dirac points
the 2D peak can also be activated by a triple resonance process, which has been proposed to explain

the relatively high intensity observed often observed from this emission [127].

As a result of the changes to the electronic structure from monolayer to multilayer graphene the
number of allowed processes that may contribute to the double resonance and triple resonance bands
increases, which allows for the identification the layer number by making use of the 2D band [127].
The D and 2D peaks are dispersive, with wavenumbers of 1350 cm™ and 2690 cm™ respectively for a
532 nm incident wavelength [127]. It has been shown previously that the density of point defects
influences the relative intensities of the D and G peaks, allowing for an estimation of defect density in

any graphene sample [127]. In the low defect density regime,
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Figure 3.4 — An example of the Stokes emissions taken from a sample consisting of a single monolayer of graphene grown
upon a hBN substrate. The position, relative magnitude, width, and number of peaks are influenced by numerous factors
such as the presence of defects, strain in the lattice, and the number of graphene layers. This spectrum is consistent
with defected monolayer graphene with the addition of a single peak arising from the hBN layer.
In which [; is the intensity of peak |, Cis a constant dependent on the incident laser wavelength and Lp
is the average inter-defect distance. For a wavelength of 514 nm C(A) = 102 nm?. In addition to defect
densities Raman is also capable of establishing the presence of strain in graphene [15]. Summerfield
et al. [15] showed that for a graphene/hBN heterostructure the 2D peak splits into 3 distinct peaks
when strain is present in the lattice. Two of these peaks exhibit red-shifting proportional to the strain,

which allowed the authors to clarify the link between strain and the superlattice period [15].

The Raman spectrum of hBN consists of a single peak at 1365 cm™, with high quality hBN with a natural
B isotope mixture exhibiting a FWHM of this peak around 30.0 cm™ [131]. For samples of graphene on
hBN the thickness of the graphene layer is much lower than the penetration depth of the laser, and
so the hBN emission is observed in the final spectrum as seen in Figure 3.4. This occurs even for

samples where the monolayer coverage of graphene over the hBN flakes is at or in excess of 100%.
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The LabRAM HR system from HORIBA Scientific at the Nanoscale and Microscale Research Centre in
Nottingham was used to measure the data presented in this thesis. The system provides access to four
lasers, with wavelengths ranging from NIR through visible to UV. After the selected laser has been
scattered from the surface it is directed through one of several gratings into a CCD detector. For the
Raman data presented in this work a 532 nm laser wavelength operating at ~4 mW or ~40 mW power
was shone onto a sample with a spot size of ~*1 um. The emission was directed through a 600 lines/mm

grating and the shift calibrated with a Si(100) reference sample.

3.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectrscopy (XPS) makes use of the photoelectric effect to analyse the binding
energy values for the surface of a sample. The binding energy values obtained correspond to particular
elements on the surface, and the chemical environment experienced by those elements. As a result
the technique provides for a relatively quick, unintrusive manner for the identification of the chemical

constitution of a sample near the surface.

Step by step the technique first involves the production of x-rays of a known energy or energy range.
This is commonly achieved by the bombardment of an anode material with high energy electrons,
such as aluminium. X-rays produced in this manner exhibit characteristic energies of the element from
which they were created. Commonly used are x-rays obtained from the Al Ka emission with energies
of ~1.5 keV. Monochromation of the light collected from the bombarded anode is carried out to select
for these x-rays and the light is then directed onto the surface of the sample to study. Simply, the light
interacts with electrons in the sample with energy enough to eject the electrons. Some of these

electrons will exit the surface of the sample without undergoing inelastic transitions along the travel
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Figure 3.5 — An example XPS setup is presented. Incoming x-ray photons incident upon the sample kick out
electrons from orbitals of the surface with binding energy below that of the photons. The electrons are
collected and passed through an electron energy analyser (EEA), which filters out electrons with specific
energy ranges to send on to the electron detector. By varying the range of the EEA a spectrum is obtained
to be plotted as a graph of counts against energy.
path and will subsequently be collected and directed into an electron energy analyzer (EEA). From
here the energy of the electrons can be identified and electrons counted as a function of energy. A
diagram of this process is presented in Fig. 3.5. The observed energies can then be related to the
binding energy with the work function of the spectrometer and the incident x-ray energy, both of
which will be known quantities. The result of this are then displayed as graphs of electron count

intensity against binding energy for subsequent analysis.

The method primarily delivers results deriving from the surface of the investigated material due to the
influence of the material on ejected electrons passing through. This is characterised by the effective

attenuation length of a material, A, as per the Beer-Lambert relationship which goes as follows,

_4
I = l,e 2 (3.2)

Where the drop off in intensity of electrons emitted from depths greater than d are given as a function
of the effective attenuation length. If the electron collector is angled away from the normal of the

surface the equation can be modified where the dterm is replaced by d cos(8). As a result of this
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change the intensity is seen to drop off greatly as the angle of the collector is shifted from the normal,
reducing the rate at which electrons are collected from deeper into the sample. For most XPS setups

the collection angle differs significantly from the normal.

At the University of Nottingham where these studies were carried out a Kratos AXIS ULTRA DLD device
is available. Though multiple sources are present in the device all data presented here makes use of
monochromated Al Ka emissions as mentioned previously. The pressure of the measurement
chamber is kept at or below 5 x 10° Torr to minimise the scattering of ejected electrons prior to
detection, which is standard procedure for most XPS devices. The sorting of electrons by energy is
carried out with a hemispherical analyser before detection and counting via a triple channel plate and

delay line detector.

3.6 Sublimation of PTCDI

The deposition of PTCDI was carried out using sublimation in a dedicated vacuum system. Sublimation
involves the heating of an organic source material for the production of thin films. To achieve this a
heated source, substrate holder, and high vacuum environment are required. First the sample must
be cleaned prior to loading into the system, to prevent the accumulation of lingering contamination
in the vacuum system. This is achieved here via one of two methods, depending on the substrate to
be used. For hBN flakes exfoliated onto silicon dioxide the surface can be annealed with a blow torch
to evaporate any organic residue left behind by the tape. The temperatures produced by the
blowtorch are too high to avoid damaging the graphite surface, so the HOPG substrates were annealed

in a tube furnace as described in Section 3.2.

The vacuum deposition system is depicted in Figure 3.6 as a diagram and with a photograph of the
outside of the chamber. Once prepared the samples were loaded onto the substrate holder which was

then inserted into the system in the position indicated. The holder consists of a ceramic plate on which
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Figure 3.6 — A diagram and photograph of the vacuum setup used to deposit PTCDI for the samples used here. Vacuum
conditions of 5 x 107 mbar are obtained prior to deposition. The sample holder contains a heater to allow for
substrate heating prior to and during the growth. The QCM monitor was used to establish the deposition rate before

opening the shutter to perform the deposition.

the samples are pinned, underneath which lines a tungsten sample heater. Once loaded into the
system a vacuum environment of 5 x 10”7 mbar was obtained using the combination of a scroll pump
and a turbo molecular pump. The vacuum chamber itself contains a single Knudsen cell, a quartz

crystal microbalance (QCM), and two shutters.

After having achieved a vacuum environment, the samples were annealed to evaporate organic
residues present on the surface. For hBN and graphene flakes temperatures of 500 °C and 200°C
respectively were used to anneal for one hour, as read by a C-type thermocouple set within the sample
holder. If CA.M was present on either substrate only 50 °C to prevent loss of the molecular layer.
During growth the substrate temperature was held between room and 150 °C to influence the growth
properties of the PTCDI. As with annealing the substrate temperature was capped at 50 °C when CA.M

layers were present.

The Knudsen cell filled with PTCDI was heated to 442 °C for deposition. The QCM monitor was checked
at regular intervals until the deposition rate of PTCDI had stabilised at around 0.2 nm/min. The dual
shutters were then opened for a precalculated period of time to control the dosage to the substrate.
Once the deposition was complete the shutters were closed, and the chamber left to cool. The

chamber could then be opened, and the samples removed for analysis.
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3.7 Immersion Deposition of CA.M

CA.M is a molecular network of cyanuric acid and melamine that has been previously shown to deposit
in single monolayers on the surfaces of hexagonal vdW crystals and other materials [132,133]. Here
an immersion deposition method previously demonstrated by Korolkov et al. enabled the production

of monolayers of CA.M on hBN substrates [112].

CA.M deposition was carried out on 1cm? chips of Si/SiO, laden with hBN flakes and 1cm? chips of
HOPG via immersion. When not in use the melamine and cyanuric acid solutions were stored with
molar concentrations of 160 uM in water. For the immersion a solution of 8 uM of cyanuric acid and
melamine was prepared by mixing the bulk solutions of CA and M with water at a 5:5:90 ratio. After
preparation the solution was used for up to one hour after preparation, after which aggregation of CA

and M prevents use for future immersions.

The immersion was then performed by holding the prepared substrate beneath the water line of the
solution before removal and drying with a N; air spray. As described by Korolkov et al. sixty seconds
of immersion is enough to consistently deposit one monolayer of the CA.M network onto the surface

of the hBN/Si samples [112].

3.8 Theoretical and practical AFM

Atomic force microscopy (AFM) is commonly used in the study of crystalline surfaces for its atomic
scale precision. Here AFM was used to analyse properties of the graphene and hBN sheets such as
domain size, edge directions, and coverage. In this Section a simple theoretical understanding of
tapping mode (amplitude modulated AFM) and conductive AFM will be described, alongside the

various parameters that can be mapped in order to produce images.

In AFM the interactions between an atomically sharp tip brought into close proximity with a surface

are measured to estimate the morphology and some other properties of the surface. These
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interactions include the collective of dipole interactions known as van der Waals forces and the Pauli
repulsion resulting from the proximity of fermions. The combination of these two sets of processes

are summarised in the Lennard-Jones potential, the equation for which is shown below,

V(r) = 4¢ ((%)12 - (%)6) (3.3)

The first of the two terms accounts for the Pauli repulsion and the greater power dependence relative
to the second term shows that the repulsion term will become more significant at smaller distances,
r. The second term accounts for the van der Waals interactions, which are long range forces when
compared to the repulsion. € and o terms can be understood as defining the depth and position of the
potential well described by the equation, respectively. A depiction of the potential is presented in
Figure 3.7, showing two distinct regimes. In the first regime the differential of the potential is negative,
so it is often labelled the repulsive regime. In contact-mode AFM the tip travels across the surface at

a contour of constant repulsive force at a distance consistent with this regime.

1=
w
S 05 |
©
P
c
Q
o Of
a.
0 1 2 3 4

Distance (r/o)

Figure 3.7 — A depiction of the Lennard-Jones potential. At large distances the van der Waals interactions
dominate, known as the attractive regime in AFM. As the distance is reduced a transition about the
minimum is observed whereby the Pauli repulsion term dominates, usually labelled as the repulsive regime.
Contact-mode AFM is exclusively carried out in the repulsive regime, whereas tapping-mode AFM usually

occurs in the attractive regime.
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In tapping-mode a cantilever with an integrated pyramidal probe, usually composed primarily of
silicon, is oscillated above the surface to be imaged at a distance consistent with the attractive regime
of the Lennard-Jones potential. The mechanical system can be approximated as a damped driven
oscillator with external forces originating from the surface. It can be described by the following

equation,

mZ—z+ y§+k(z—d) = F(z) + Fycos(wt) (3.4)

Where zis the distance between probe and sample, and F(z) is the force felt by the probe due to the
sample surface. dis the free amplitude of the oscillator and m and y are defined as the mass and
damping coefficient of the system, respectively. By considering small oscillations, z, about the

equilibrium position, the following equation is obtained,

d?z’
dt?

m + y% + (k - Z—Z) z'(t) = Fycos(wt) (3.5)

This equation is the same as for the damped driven oscillator before, but with an effective spring

constant defined as,

dF
kepp =k =72,

» (3.6)

The latter term here modifies the spring constant of the system by the force gradient above the
surface. This results in a resonant frequency shift proportional to the gradient of the external forces
so long as the amplitude of this gradient is much smaller than the spring constant. Height images can
therefore be obtained by moving the oscillating tip laterally over the surface, and keeping the driving
frequency and excitation amplitude constant, such as in AM-AFM. This allows for the measurement of
the height of the surface and the phase shift. By considering the relative phase lag between the driving
force and the system and the cantilever response it can be shown that the shift in phase can be written

as,
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_ -1 mwawg
¢ = tan (Q(keff—mw2)> (3.7)

Where @ is the quality factor of the system, wy is the resonant frequency in free air, and w is the
resonant frequency near the surface. If the frequency of the system is being held constant the phase
lag will shift as the tip is brought in close to the surface. Magonov et al. go further and established
that the extent of the phase shift is partially dependent on the average length of time in a period of
the oscillation that the tip interacts strongly with the surface [134]. This interaction period is described
as likely to be dependent on the stiffness of the tip and sample. Similar arguments can be presented
to show the dependence of the phase shift on the adhesion, friction and viscoelasticity of the samples
[134]. Here phase imaging was used to distinguish between materials where surface coverage is below
a whole monolayer, and for identifying amorphous aggregates of carbon and boron nitride. For the
majority of images presented tapping mode was used. These images were taken using NuNano Scout

70 tips, with stiffnesses of 2 N/m in an Asylum Research Cypher S system.

Two tapping mode imaging regimes were observed in these samples, corresponding to the attractive
and repulsive imaging regimes described by Garcia and San Paulo in 1999 [135]. In their work they
discussed the existence of two distinct imaging regimes characterised by the overall forces applied to
the tip during each period of its oscillation. The regimes can be identified during imaging by the
average phase lag observed as an overall attractive regime will lead to the phase obeying ¢ >90°. In
contrast an overall repulsive regime, which is generally obtained with lower free oscillation
amplitudes, leads to @ <90°. In this work the majority of images were obtained in the attractive
regime, though it is worth noting that a greater contrast is observed in phase images between HOPG
and hBN in the repulsive regime. In the repulsive regime as described by Garcia the tip is only in
intermittent contact with the surface, differing from the continuous contact characterised by contact

mode AFM [135].

Conductive AFM and contact mode were used to provide lattice resolution. In contact mode AFM the

tip is brought ‘into contact’ with the surface, whereby contact is defined such that the force
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experienced by the tip is repulsive at all times. As the cantilever is moved across the surface it is
deflected by the changes in the surface height and these deflections are outputted as the false-colour
image. The tip is held on the surface via a feedback loop that holds constant the force against the tip.
Due to the strong gradient of the forces exerted on the tip in this system it is possible to discern atomic

resolution on reasonably flat surfaces.

Conductive AFM works similarly to contact mode, with the feedback loop holding the deflection force
constant and deflection images being obtained. However, conducting tips were used, such as the
NuNano Spark 70Pt tips used here. These tips are manufactured similarly to the Scout 70s but, are
additionally coated with a thin platinum conductive layer. With these tips a voltage can be applied
during scanning, and the resulting current of the system recorded to establish the resistivity of the
surface. Electronic features of the surface show up strongly in these current images, such as the moiré
superlattice arising from graphene/hBN heterostructures. With the use of conductive imaging on the

Asylum Research Cypher-S system it is fairly simple to obtain images of the lattices.

After obtaining these images they were analysed by several programs, as appropriate to the required
final results. The Gwyddion analysis software is excellent for flattening images and aligning rows to
easily identify features in the false-colour images [136]. Small changes to the tip can arise as it is moves
across a surface, often leading to a small misalignment in the height of adjacent rows in the final
image. For the most part this can be simply resolved by removing the difference in the average values
of each row. Similarly, flattening allows the removal of any background plane that may obscure finer
features of the surface. Such planes can arise from a slightly tilted sample, or large-scale height
variations of the surface greater than the size of the image. Removal of these planes can be performed
by a 2D difference of least squares on a surface about a pivot point defined as the centroid of the

image.
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Chapter 4: Surface Morphologies of MBE-grown hBN

4. Overview

In Chapter 2 several properties of the hBN lattice were identified that make it an excellent substrate
or capping layer in combination with mono- or few-layer graphene and other 2D materials. A lack of
dangling bonds, and high chemical stability contribute to minimise the material’s influence on the
graphene in any resultant device, whilst acting to preserve and prevent contamination in device
structures. The similar lattice constants of graphene and hBN introduce interesting electronic
modifications to the graphene, and aid in the epitaxial growth of one upon the other. Prior studies
have proven the viability and potential quality of hBN grown on graphite and a variety of metallic
substrates. Discussed in Chapter 2, CVD growth of hBN on Cu has shown the potential for the
fabrication of van der Waals heterostructures on metallic, catalytic substrates. High temperature
molecular beam epitaxy (HT-MBE), carried out by the Nottingham group, provides a method for the

epitaxial deposition of thin hBN layers on a non-catalytic HOPG surface.

In this Chapter further investigation of the HT-MBE method of growth is reported. The morphology of
the hBN on graphite surface is analysed, and the controllability of the growth process determined.
Samples were grown as in Chapter 3, with a range of substrate temperatures and growth times, and
analysed with AFM. In this Chapter the dependencies of the hBN monolayers on temperature, time,
and morphology of the HOPG substrate are investigated, and suggestions for the optimisation of the

growth to produce these heterostructures are made from these results.
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4.1 Growth Parameters

HOPG substrates for the deposition of hBN were cleaned and loaded into the MBE vacuum system as
described in Chapter 3. The e-beam source described in Chapter 3 was used to deposit boron and the
relevant growth parameters varied between samples are shown in Table 4.1. All other parameters of
growth were kept the same for each sample and are described in Chapter 3. Notably there are no
previous reports of the use of the described e-beam source for boron deposition, and the results
presented in this Chapter show the validity and quality of the source for these purposes. Six samples
are listed in Table 4.1, with each identified by a roman numeral. The first set of three were kept at a
constant substrate growth temperature of 1250°C, and were varied in growth time from 20 to 60
minutes as shown. The substrates of the second set of three were held at different temperatures
during growth, within the range 1080°C and 1520°C, using a constant growth time of 40 minutes.
Sample Il is included in the growth temperature-varied set, representing the 1250°C substrate

temperature.

Table of Samples

Sample Name  Temp (°C) Time (mins)
I 1250 20 Time
I 1250 40 Time, Temperature
Il 1250 60 Time
\Y 1080 40
Vv 1390 40
VI 1520 40
Table 4.1 — A list of all samples used in this Chapter is presented. I-Ill were grown at the same substrate

temperature with differing growth times. The growth times of IV-VI plus Il were all 40 minutes and differ
from each other by the substrate temperature during growth. All other growth parameters were the same

for all samples.
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After removal from the vacuum system each sample was measured with X-ray photoelectron
spectroscopy (XPS) to identify contaminants and determine the purity of the grown material.
Identified contamination was minimal, and the XPS data is presented in Appendix 1 for further perusal.

At this point the samples were imaged with AFM to obtain the data presented below.

4.2 AFM Methodology

Tapping and conductive modes have been used to identify different features of the surfaces. Tapping
mode images are used for the identification of features much larger than the atomic lattices, up to
several microns. The phase images obtained simultaneously to the topography with tapping mode
prove valuable for distinguishing the two materials. In topography the small difference in height and
limited contrast between the hBN and graphite monolayer constrains identification. Phase images
provide a means of distinguishing the two different materials, as described in Chapter 3. Conductive
mode imaging has also been used to distinguish graphite and hBN and to obtain images with lattice
resolution. These images provide a means for comparisons between the orientations of lattice vectors
and the direction of growth edges and grain boundaries. Additionally, small differences in resistivity
resulting from the moiré superlattice can provide enough contrast in conductive images to resolve
these structures. Contact topography images were obtained simultaneously to the current channel

images using the conductive mode.

For the images presented in the figures below, lighter colours refer to increased height in topographic
images and higher resistance in conductive images. Profiles have been presented from topography

images to display surface morphology at specific points.
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4.3 Common Features Across Samples

Several features of the growth are common to all samples, though the properties, such as coverage,
facet orientation and morphologies, differ depending on substrate growth temperature and time. For
example, monolayers of hBN grow primarily from steps in the graphite surface. Examples of these
steps and other features are identified by AFM, such as the images presented in Figure 4.1, and their

dependence on growth parameters is discussed in more detail in subsequent Sections.

Incomplete monolayers of hBN have grown from monolayer and multilayer steps on the graphite
surfaces of the samples. Figure 4.1 a) and b) show epilayers of hBN grown from monolayer graphite

steps. The epilayers are terminated by edges parallel to the direction of the step, or triangular facets

a) Topography

-

L —.

c) Profile

0.5 '\/\/

0.43 nm

Height (nm)
o
w

154
=
|

1 1
50 100 150
Distance (nm)

Figure 4.1 — Monolayer sheets of hBN are common to all samples. a) and b) show topographic and phase
images, respectively, of the same position on sample V with scale bars of 200 nm. Three epilayers have
grown from three monolayer steps in the graphite surface. The phase response shows a significant contrast
between (lighter) hBN and (darker) graphite, making it simple to distinguish the two materials. The profile
in c) was taken from the topographic image a) and shows a monolayer height of 0.43 nm between the hBN

and graphite.
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Figure 4.2 -The AFM images a) and c), with scale bars of 200 nm, have been selected to show the formation
of aggregates from a monolayer step. The aggregates appear as bright points in the topography with
significant heights, such as that exhibited by the profile in b). The vertical scale of the aggregates exceeds

the monolayers by an order of magnitude.

depending on the misorientation of the dominant growth edge from the graphite edge direction, as
will be discussed in more detail. The epilayers form from the nucleation of multiple domains of hBN
along the step which eventually meet or merge as growth continues. Step heights of 0.43 + 0.02 nm
are obtained from topography images, as in Figure 4.1 c). A variety of factors, including operational
parameters and choice of cantilever, have been shown to impact the apparent height of monolayers
from tapping-mode images such as that above [137]. Changes in the chemical interaction between the
tip and surface as the tip crosses over two materials, such as the hBN and graphite here, results in
changes to the apparent height of the step between the materials [138]. In the images presented here
an increase relative to the expected true height of 0.35 nm is measured [62]. Lai et al. discuss how the
chemical interactions of tip and surface could lead to an increase in apparent height where the relative
Hamaker constants of the two materials is greater than one [137]. If this is the case here a dependence
of the apparent height on the sharpness of the tip and operational parameters of the system will have

arisen, leading to the observed changes in the step height.
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In addition to the monolayer sheets, amorphous aggregates are formed predominantly at the graphite
steps. Examples of aggregates on a step are depicted in the topography and phase images of Figure
4.2 a) and c). These aggregates are characterised by heights on the order of several nanometres, as
shown in Figure 4.2 b), and a minimal presence on terraces at most temperatures. Rows of aggregate
and monolayer formation can also be observed running along the graphite surface without a step
present; this is believed to arise at grain boundaries in the graphite surface. As will be shown later the
density of aggregates varies with both growth temperature and time. Temperature also influences
where the amorphous structures are observed. At the lower growth temperature sample, IV,

amorphous aggregates are nucleated on graphite terraces away from the steps.

On sample IV triangular islands of hBN have nucleated on graphite terraces, as shown in Figure 4.3 a).
The edges of these islands align with two orientations observed on each terrace, with each orientation

distinguished by a rotation of 180°. Triangular islands of hBN have previously been reported on other
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Figure 4.3 — a) topographic image of a graphite terrace on sample IV, on which can be seen multiple hBN
islands. Islands nucleated on terraces are seen on other samples but are considerably less common. The
triangular islands can be seen to follow one of two orientations, differing by a 180° rotation. The profile in
b) was taken across one of the islands and shows a height of 0.42 nm, consistent with the hBN monolayer

observed in Figure 4.1.
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Figure 4.4 — Images depicting examples of moiré patterns observed on samples of hBN grown on graphite. a)
shows a monolayer of hBN taken with tapping mode AFM with a present moiré period of 16.7 nm. The scale
bar of the image is 100 nm. b) and c) are 100 nm and 50 nm conductive images respectively with scale bars of
20 nm. The measured moiré patterns of b) and c) are 15.2 nm and 17.6 nm respectively. Green arrows on all

images are provided to identify the direction of the moiré lattice vectors.
substrates, and are explained by the dominance of one of the zigzag edges during growth [139].

Isolated islands of hBN are observed on the samples grown at higher substrate temperatures, but with

greatly reduced frequency.

Moiré superlattices can be observed on epilayers of hBN on the graphite substrate. The patterns on
these samples, where observed, often exhibit a moiré period of 13.5 nm. This is the value expected
for aligned incommensurate hBN on graphite, as described in Chapter 2. Larger moiré periods than
13.5 nm are depicted in Figure 4.4, obtained by tapping mode as in a) and conductive mode in b) and
c). These extended patterns can be explained by the accumulation of strain during cooling as described

in Chapter 2.
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4.4 Dependence of Morphology on Growth Time

The dependence of the morphology of monolayer hBN on growth time was investigated. Samples |, Il,
and lll were prepared, with growth times progressing from 20 minutes to 60 minutes at a constant
growth temperature of 1250°C. The average width of the hBN sheet from the step edges provides a
method from which the coverage can be estimated, while simultaneously providing a measure of the

scale of the hBN domains.

In order to estimate the surface coverage the area of a hBN epilayer along a graphite step of known
length is measured. The area divided by the length of the step provides the average sheet width of
that epilayer. This measurement has been taken from just over 400 steps identified on 15 images
taken across the 3 samples | to lll, in order to provide an accurate measurement of the average sheet
width. This method is necessary due to the non-uniform width of the epilayer. Misalignment of the

leading growth edge of the hBN from the direction of the graphite step results in triangular

hBN Sheet Width Dependence on Growth Time
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Figure 4.5 - Histogram of the observed sheet width dependence on growth time for 20 minutes (1), 40
minutes (l1), and 60 minutes (lll). The sheet width is observed to follow an approximately linear increase
over the temperature range. This has been highlighted with AFM images taken from each sample, all with
scale bars of 100 nm. Red arrows indicate the obtained average width for each image. The image on the
right is the same image presented for sample Il and has been marked to identify what has been referred to

in this Chapter as the triangular protrusions.
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Figure 4.6 — AFM images a) and b) have been taken from samples | and Ill. The images show lines of
aggregates formed along multilayer steps running vertically down the images. Scale bars are 100 nm and
profiles of the aggregates have been taken along the red lines. These profiles are depicted in c) and d),
shown adjacent to the corresponding AFM images. A substantial increase in height of the aggregates is noted

between the two samples consistent with the increased growth time from | to Ill.

protrusions, such as that identified in Figure 4.5. By taking the average area of the hBN protruding
from a graphite step the non-uniform width of the step arising from the triangular extensions was
taken into account. The application of this method to samples |, I, and Il results in the values
presented in Figure 4.5. An approximately linear trend is observed across the three samples, implying

a constant growth rate of the monolayer.

Figure 4.6 shows that aggregates on the steps also increase in scale with the increase in growth time.
Images a) and b) are centred on a line of aggregate material found on multilayer steps for samples |
and lIl. Profiles of these images, presented in c¢) and d), show an increase in height of the aggregate
material from sample | to lll. Measurements of the average aggregate cross section taken from ten
steps on each of samples |, Il, and Ill show a linear trend. On sample | the aggregate cross section is
observed to be 29 + 6 nm?, with sample Il and Il exhibiting cross sections of 63 + 11 nm? and 84 + 15
nm?, respectively.
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4.5 Temperature Dependence of the Growth

Growth temperature can strongly influence epitaxial growth since various chemical and physical
energy barriers must be overcome for the formation of clean, regular structures. To investigate the
temperature dependence of growth, samples were produced with substrate growth temperature
ranging from 1080°C to 1520°C, each grown for 40 minutes as described in 4.1. The dataset of samples
I, IV, V and VI cover this temperature range, providing all images and subsequent data for this Section.
Several features of the surface, namely sheet width, aggregate presence, and domain shape, were

observed to vary with substrate growth temperature. Each is reported below as a separate subSection.

4.5.1 Sheet Width Variation with Substrate Growth Temperature

In Figure 4.7 a) average estimates of the sheet width are measured over a range of growth
temperatures. From this we see that at growth temperatures between 1250°C and 1390°C a sizeable
drop in the sheet width occurs. This reduction in sheet width likely arises from the re-evaporation of
adsorbed species on the surface prior to incorporation in the growing epilayers. For the purposes of
growing large domains, a growth temperature of 1250°C or lower would be preferred. However, as
will be seen in 4.5.2, these lower growth temperatures lead to the production of larger volumes of

aggregate material.
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Figure 4.7 — Chart a) displays the hBN sheet width as measured from the graphite step for four samples with
different substrate temperatures during growth. Raising the temperature of the substrate during growth
increases the evaporation of surface material prior to incorporation in the hBN sheets, thus reducing the
resulting width of the hBN sheets. Contact topography images b) and c) with 200 nm scale bars from samples
Il and V, respectively. Passage of the tip over steps may lead to changes in the tip, leading to the horizontal
bands seen in the images. The step widths without triangular extensions are depicted by the blue lines here.
They are 110 nm and 66 nm, respectively. Surface b) shows that triangular extensions can form a significant
fraction of the monolayer sheet coverage. A more accurate measure of sheet width as depicted in a) is found

from the average area divided by the length of the graphite step from which the growth is nucleated.

4.5.2 Aggregate Reduction with Temperature

The volume of aggregated material at a graphite step has been obtained from tapping mode
topography images using the Gwyddion program described in Chapter 3 [136]. Firstly, the data was
visualised by false colour mapping with a scale dependent on the measured height of the surface at
each point. Next, the height of the surface was zeroed on the upper terrace of a step. Following this
the aggregate on the step was selected by threshold masking the surface and the volume of masked
material subsequently measured by taking the area of a pixel and multiplying by the height at the
position of the pixel. In addition to a temperature dependence of the aggregates AFM images showed
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Figure 4.8 — A bar chart, a), displaying the average aggregate presence on monolayer and multilayer steps
at three different growth temperatures. The aggregate cross-Section value is obtained by dividing the
volume of measure material by the length of the step over which the measurement is taken. The monolayer
steps exhibit significantly reduced aggregate material when compared to the multilayer steps on the same
samples. The volume of material also correlates negatively with the growth temperature of the samples.
This is to be expected due to the ~ksT energy dependence for the re-evaporation of particles from the
surface. b) and c) display diagrammatically the present understanding of how material is structured around

steps of differing heights on the surface.
a significant difference in aggregate material accumulation depending on the step height. The
presence of large aggregates makes accurate estimation of the number of layers in steps difficult. As
a result of this limitation the dataset distinguishes only between monolayer and multilayer steps in

the graphite surface.

Figure 4.8 a) displays the results of this investigation. The aggregate cross-Section referred to in a) is
the volume of aggregate material on a step normalized by the length of the same step. It can be seen
from these results that monolayer steps consistently lead to a lower aggregate presence compared to
multilayer steps. Higher growth temperatures also contribute to the reduction of aggregate presence

from monolayer and multilayer steps.
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Diagrams b) and c) depict the shape of the surface at each step. At the multilayer steps, such as that
shown in b), monolayers of hBN have nucleated from the lower side of the step. Monolayer sheet
formation is also observed above the step from the amorphous aggregate as seen in the multilayer
height step depicted in Figure 4.6 a). The aggregate is depicted as extending from the bottom to the
top of the step as the multilayer nature of the graphite step likely contributes to the formation of the
aggregate. Differences in the growth of hBN sheets from steps of different heights are discussed in

Section 4.6.

4.5.3 Growth Edge Direction Dependence on Temperature

Properties of the edges of 2D materials significantly alter the properties of the resulting 2D structure

[140]. In the growth of 2D structures the direction of the dominant growth dictates the morphology

'

Figure 4.9 — Two contact mode images of the hBN/graphite surfaces with differing grain shapes taken from
samples IV and V, respectively. Scale bars for the images are 200 nm, with scale bars of 1 nm for the two
insets. The insets depict lattice images taken from identified points in the hBN domains. The directions of
the lattice vectors have been identified and are shown on both the insets and the corresponding large-scale
images. With the directions of the vectors being parallel (perpendicular) to the edges the same edges can

be identified as zigzag (armchair).

80



of the resulting domains. The crystallographic orientation of the domains was identified and the

predominance of different orientations was found to differ with substrate growth temperature.

Zigzag - Parallel

Armchair -
Perpendicular

Figure 4.10 — Two lattices representing hBN are presented in a) and b). In each diagram the lattice vectors
have been drawn in orange. Green arrows represent the direction of the edge of the lattices, which have
also been drawn alongside the lattice vectors in the centre of the figure. Only orientation, not magnitude,
matters for this diagram. Zigzag edges can be seen to lie parallel to the direction of the lattice vectors, while
armchair edges lie perpendicular.

Contact topography images, such as those shown in the insets of Figure 4.9, were acquired with lattice
resolution. The direction of the lattice vectors can then be compared with the direction of the domain
edges. Island edges that run parallel (perpendicular) to the lattice vectors have formed following the
zigzag (armchair) direction of the lattice. The orientations of the lattice vectors relative to the island

shapes are shown in Figure 4.9 a) and b).

As was discussed in Chapter 2, the zigzag direction of the hBN lattice is not symmetric under elemental
inversion. The zigzag edges may be terminated by B or N and the rate of growth of these two distinct
edges may differ dependent on growth conditions. Figure 4.10 a) and b) exhibit small domains of hBN
with zigzag and armchair dominant growth edges, respectively. The result is two islands with distinct
geometries. A preference during growth for zigzag terminated edges of hBN results in triangular
islands, such as in a). In the case where the growth rates of the two distinct zigzag edges are

comparable hexagonal islands will theoretically form, but this was not observed on these samples.
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Figure 4.11 — AFM images a) and b) highlight the dominant shape of the hBN monolayers on these surfaces.
Image a) was obtained in tapping mode and b) in contact mode. Scale bars are 500 nm and 100 nm
respectively. Domains of hBN on sample IV, grown at 1080°C, are triangular as seen in a). Samples grown at
the higher substrate temperature used for V exhibited only hexagonal domains, with armchair edges,
exhibited by the image in b).

Armchair terminated edges of hBN do not fundamentally change under inversion and the underlying

hexagonal symmetry remains.

Comparison of the presence of islands of different shapes across samples of different growth
temperatures revealed a transition between two morphologies. Figure 4.11 shows the observed
transition of the hBN domain morphology from triangular to hexagonal shapes as the growth
temperature was increased between samples. In Figure 4.11 a) each of the triangular islands is aligned
with one of two directions as a result of the solely zigzag nature of the islands. Though the image in a)
has been selected to exhibit the triangular hBN islands the reader may note an edge at the top of the
image from which many of these domains have nucleated. In Figure 4.11 b) the higher growth
temperature sample is shown to exhibit a hexagonal form. The temperature difference during growth
resulted in changes to the preferred edge direction of the monolayer sheets during growth. In 2016
Zhang et al. described how the chemical potential of the constituent elements and the choice of

substrate dictate the resulting island shape for epitaxially grown hBN [53]. Their work takes an
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atomistic approach to explaining the multiple stable structures for hBN islands on Ni(111) and Cu(111)
substrates. On copper they found that varying the growth conditions between N-rich and B-rich
changes the nucleation barriers of the different zigzag edges, resulting in a transition from N-
terminated zigzag edges to B-terminated via other stable edges. This in turn changes the morphology
of the islands from triangular to truncated triangles to hexagons as the growth conditions were varied

sample to sample.

For the samples presented here the deposition rates of nitrogen and boron were not varied. Instead,
the variation in temperature was the determining factor in the formation of the different edges and
shapes. If the diffusion barriers of B and N on the graphite surface differ from each other, whilst being
of the same order as ~kgT then a variation of the substrate temperature will impact the availability of
B and N migrating across the surface. This in turn would influence the availability of the constituents
at the growing edges of the monolayer sheet, providing a mechanism for varying the dominant

selected edges.

DFT studies of the strength of interaction of nitrogen and boron atoms with an HOPG substrate
provide adsorption energies of B and N atoms during the growth. The two studies referenced here for
B and N adsorption energies make use of the optB86b-vdw density functional method, and the
resulting adsorption energies are -1.29 eV and -1.1 eV respectively [141,142]. Differences in the
adsorption energies show that increasing the growth temperature will reduce the relative prevalence
of the N relative to the B species. A prior work using LDA derived functionals calculated migration
energies for adsorbed B and N on a graphene surface. The migration energies referred to in the work
are defined by the system energy difference between an adatom being present at adjacent sites on
the graphene surface. These values provide a minimum of the height of the diffusion bar, but cannot
inform on the total height of the barrier. The migration energies of B and N were calculated at 0.12 eV
and 1 eV respectively, though the values calculated are very likely to be overestimates due to the

choice of functional [143]. Thus, as growth temperatures are increased the diffusion rate of the B will
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increase relative to that of the N species. At the lowest growth temperature considered the N to B

ratio will be greatest, and N-termination may be supposed.

It should be noted that the large spot size of the Raman system and the identical crystalline

appearance of the different zigzag edges in AFM prevent identification of the zigzag termination here.

4.6 Role of Graphite Steps in Nucleation

A notable difference between the hBN nucleated from monolayer steps on the graphite surface and

that growing from multilayer steps has been identified. As can be seen in Figure 4.12 sheet and

aggregate material has grown primarily from steps on the graphite substrate at all temperatures. As
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Figure 4.12 — Growth from monolayer steps on samples grown at different substrate temperatures are presented

to summarise the differences observed in the growth. Scale bars differ between images and are 400 nm, 250 nm,

300 nm, and 100 nm for a-d) respectively. Profiles are depicted taken from the white lines on each image to establish

the presence of the monolayer. As the temperature is increased between the samples in images a-d) the quantity

of material seen after growth is reduced. For samples grown at temperatures at 1390°C and above no aggregate

material has accumulated at monolayer steps. Above 1080°C the steps are necessary for the formation of hBN

sheets as islands of material are rare or not observed.
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Figure 4.13 — Images taken from samples grown at the four different growth temperatures are presented to show
temperature-dependence of material present at multilayer steps. Scale bars differ between images at 400 nm, 200
nm, 150 nm, and 300 nm for a-d) respectively. Profiles taken along the white line are presented beneath each
image to identify the height and presence of the multilayer step. As the growth temperature was increased
between samples reduced aggregate formation is observed. For the temperatures represented in a) and b) the
presence of the multilayer step or the aggregate formed from it has provided nucleation sites for the formation of
material along the top edge of the step, which is considerably less common for the monolayer steps. In the higher
temperature samples all sheet and aggregate formation is observed to have been reduced, with no aggregate or

sheet formation at all from the multilayer steps for the 1520°C sample.

the growth temperature increases between the samples depicted in Figure 4.12 a-d) monolayer height
steps provide sites for nucleation of sheet material while a reduction of aggregate material is obtained.
By comparison the images in Figure 4.13 showing multilayer steps on the surface continue to exhibit
aggregates up to and including the highest growth temperature. Growth from multilayer and
monolayer steps additionally differs by the increased nucleation of sheet material above the
multilayer steps at the lower growth temperatures and a comparative loss of nucleated sheet material

at the higher growth temperatures. The height of the steps has influenced both aggregate formation

85



and monolayer sheet formation from the upper and lower sides of the steps with variation over the

considered temperature range.

4.6.1 Nucleation from Monolayer Steps

As can be seen in Figure 4.12 a) and b) the majority of sheet material has grown out from the lower
side of the graphite step. The edges provide sites for nucleation of hBN sheets during growth via the
attachment of boron and nitrogen atoms. The 2D nature of the graphite surface additionally provides
templating for the assembly of 2D hBN material, a necessary condition for the formation of planar
growth [43]. Figure 4.14 displays atomic models exhibiting three of the lateral interfaces that can be

expected from merged planes of hexagonal boron nitride and graphene.

The models provide the building blocks for lateral interfaces of arbitrary scale and direction on the
surface. For any of these interfaces reversal of the B and N occupation of A and B sites of the sublattice
results in a new lattice asymmetric with the original. As a result two adjacent hBN domains with
different A and B site occupation cannot merge without defect formation and grain boundaries will
form between them. The grain boundaries formed from this inversion could be expected to align
perpendicular to the graphite step due to the similar growth rates of the neighbouring domains. On
the samples investigated grain boundaries with a variety of orientations have grown, including some
boundaries running perpendicular to the graphite step. By identifying the direction of the graphite
step the lattice direction of the grain boundary can be assigned and the composition of the grain

boundary may be considered.

The stability of the interfaces depends upon the registry of the lattice with the underlying graphite
lattice. Zhong et al. predicted that a bilayer of hBN and graphene will exhibit a preferred stacking of
AB in which only half of the atoms in one layer lie directly under atoms in the adjacent layer [144]. The

diatomic nature of hBN requires establishing where B or N atoms will lie directly under C atoms in this
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stacking mode. Zhong et al. estimated that AB stacking with B atoms directly beneath C will lead to
the most stable structure, though the energy difference between this stacking and the other two were
relatively small [144]. In the interfaces presented in Figure 4.14 if the edge carbon atom lies atop the
centre of a hexagon in the layer beneath then the depicted ZZ edges will exhibit AB (nitrogen) and AB

(boron) stacking respectively, and the armchair edges could exhibit either. If the edge carbon atom

Zigzag N edge Zigzag B edge
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o209 "

Boron
_~ ~ @
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> X A >Y o
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Figure 4.14 — Models of graphite monolayer steps merged with hBN layers. Geometrical considerations of
the hexagonal structure results in three distinct interfaces between the graphene and hBN without the
formation of defects. a) and b) represent an interface of the two materials along the zigzag direction. Where
the two materials have merged exclusively C-B or C-N bonds are formed. Transitioning between a) and b)
on the same step could occur by the formation of a line defect on the surface where the two phases meet.
In c) the interface follows the armchair direction. Both B and N atoms bond directly to the carbon edge in
this instance. Boundaries between neighbouring domains may still arise from inversion of the occupancy of
the A and B sites. The lines of defects that would arise from the armchair or zigzag interfaces differ

substantially.
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resides in the other sublattice site then the edges will exhibit AB (boron) and AB (nitrogen) stacking,
respectively. Due to the similar stability of AB (boron) and AB (nitrogen) it is uncertain whether the
graphite sublayer will have an impact on the growth of hBN interfaces. The images available cannot
distinguish between the two AB stacking modes, though it should be supposed that AB (boron) will be

more prevalent where the N to B ratio is low during growth.

Due to the diatomic nature of the boron nitride lattice the composition of the grain boundaries are
determined by the interplay of strain at the boundary and the energy cost of forming homo-elemental
bonds [145]. The conflict between these two parameters drives the selection of defects along the grain
boundaries, as described by Liu et al. (2012)[145]. In their work they identify two defect pairings that

can arise at these boundaries, labelled 4|8s and 5| 7s, which refer to the number of atoms in the defect

Lattice sites are populated with B and
N. These sites are interchangeable.

Figure 4.15 - Diagrams are shown containing a) 4|8 defect pairs and b) 5|7 defect pairs, respectively. In a) a
line of 4|8s follow the armchair direction of the hBN lattice, with minimal impact on neighbouring atoms.
This defect chain is expected to be energetically favourable when the two domains on either side are
misaligned by 180° as shown. Though the 4|8 defects in 4.13 a) follow the armchair direction, lines of 4|8s
can arise along zigzag directions of the lattice too. b) shows a single 5|7 defect pair, differing from the 4|8
defect by the need for a homo-elemental bond between the 5- and 7-member rings. The contest between
accumulated strain, energy cost of the homo-elemental bond, and the relative misorientation of the

domains determines which defect pair is preferred during growth [145].
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rings. The appearance of these defects is shown in Figure 4.15, with a) and b) depicting 4|8 and 5|7
instances, respectively. These defects always arise in pairs, such that a 4-member ring may not exist
without the formation of an adjacent 8-member ring. 4|8s require no homo-elemental bonds, but
introduce significant lateral strain compared to the 5|7s. A single homo-elemental bond exists
between the 5- and 7-member rings of the 5|7 pairing and there is less deformation of the lattice,
resulting in a lower cost in strain. The most stable defect of the two pairs is dependent on the relative
orientations of the hBN domains, as this impacts the strain accumulated by the formation of the
defects [145]. For domains of 180° relative rotations, equivalent to the inversions described earlier,
4|8s are expected. 4|8s buckle out of plane to reduce the strain accumulated in formation. This

buckling may explain the observed height of the grain boundaries in tapping mode AFM.

The straight graphite steps observed by contact mode AFM to follow zigzag and armchair lattice
directions lead to adjacent hBN domains with little or no misalignment. In these instances, the

boundaries are expected to consist of 4|8 defect pairs.

During the MBE growth of hBN on graphite two distinct structures are observed to nucleate above
monolayer steps, amorphous aggregates, and monolayer sheets of hBN. Defects arise at the lateral
hBN-graphite interface of monolayer graphite steps due to the lattice mismatch between the two
materials. The lattice mismatch leads to the accumulation of strain along the interface until point or
line defects form. These defects and any others that may arise along the edge provide potential

nucleation sites for material on top of the graphite steps.

4.6.2 Impact of Multilayer Steps on Aggregate and Monolayer hBN Formation

In Figure 4.16 a) the multilayer steps are seen to provide nucleation sites for the formation of
monolayer hBN above and below the steps. The lower half of the image shows a monolayer step in

which coverage of the region above the step is greatly reduced in comparison that above the
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multistep. The hBN growth on different graphite steps additionally differs by the growth beneath the
steps. Multilayer steps have been observed to exhibit reduced nucleation of the monolayer hBN
sheets below the step, as shown in b). This is only observed for the higher temperature samples, which

also exhibit a comparative reduction in the presence of aggregates at these multilayer steps.

Multilayer unreconstructed steps of graphite consist of hybrid sp? orbitals. Unlike in the case of the
monolayer a single monolayer of hBN grown from this step does not provide stability or bond at every
available site. The remaining carbon atoms provide sites for the nucleation of additional boron nitride
sheets or introduce non-planar material at the step. At the step, attraction between the graphitic
layers can induce a slight sp® character to the outermost bonding orbitals, which introduces a 3D
nature to the bonding system [146]. It is the potential for bonding between layers and the greater

potential for the formation of defects which could result in the aggregate structures observed.

Figure 4.16 — Topography Images a) and b) were obtained by tapping mode AFM and have been selected to
highlight differences between monolayer and multilayer differences in growth. With a scale bar of 100 nm
a) depicts a 2ML step in the upper half of the image, from which can be seen high monolayer sheet presence
above and below the step, and high aggregate presence along the step. Fragments of multilayer hBN
nucleation are also observed with minimal lateral growth. Image b) shows a multilayer step upon which hBN
is only observed on the upper half, identified using the profile in red. The lack of monolayer sheet nucleation

at the lower edge of multisteps is exclusive to the higher temperature samples, V and VI.

90



In the formation of a hBN sheet on a graphite monoatomic step many of the potential pathways for
the nucleation of the aggregates are missing compared to multilayer steps. Only point defects at the
graphite edge or those introduced by the mismatch strain between hBN and graphite allow for the
continued formation of the amorphous 3D structures. As was represented in Figure 4.8 c), the
monolayer step at the bottom of the image exhibits a greatly reduced aggregate presence, in

agreement with the suppositions on the nucleation possibilities.

4.7 Summary

Various properties of the produced hBN/graphite structures have been analysed with combinations
of tapping mode and contact mode AFM. Variation in the growth parameters, namely substrate
temperature and growth time, strongly influence the morphology of the surface. Control of these
parameters provides a means to optimise growth for the production of lateral and vertical
heterostructures by minimising amorphous aggregates. Higher temperatures are observed to reduce
the formation of aggregates and the growth of the hBN sheets, though minimal aggregation is

observed at growth temperatures of 1390°C with non-trivial hBN sheet presence.

Another observed impact of increased substrate temperatures is the changing morphology of hBN
islands and step growths. A transition is observed from triangular shapes to hexagonal across samples
grown with substrate temperatures from 1080°C to 1390°C. Prior works on Ni suggest changes in the
chemical potentials of the B and N constituents may cause the transition, which in turn are influenced

by changes in the relative prevalence of the constituent materials as the temperature varies.

Different graphite steps, distinguished by height in layers, exhibit markedly different aggregate and
hBN sheet presence. Aggregate density is substantially increased at multilayer steps when compared

to the monolayers which, at higher temperatures, exhibit little to no aggregate presence at all.
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Additionally, hBN sheets nucleate preferentially on the lower terrace of a monolayer step, but are

comparatively rarer below the multilayer steps at higher growth temperatures.
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Chapter 5: MBE Production of Graphene with an e-beam
Sublimation Source

5. Introduction

Prior studies on the high-temperature molecular beam epitaxy (HT-MBE) of graphene made use of
two distinct carbon sources. These sources generated the required carbon flux by the Joule-heating
of either a high-purity graphite filament, or a sealed Ta tube containing finely powdered carbon. MBE
with both sources can produce graphene monolayers on a hBN substrate. As described in Chapter 2,
these sources exhibit limitations that should be overcome to scale the production of graphene as
necessary for industrial applications. The graphite sublimation source results in a relatively high
density of carbon deposits, from which monolayer graphene appears to nucleate. The Ta filament
source on the other hand exhibits a high turnaround of filaments, with filaments breaking after every
few depositions as a result of the necessarily high operating temperatures. In this Chapter the results
of a source designed to produce the carbon beam with sublimation resulting from heating induced by

an electron beam are investigated.

Graphene has been grown on hexagonal boron nitride using molecular beam epitaxy of carbon onto
hBN flakes. The produced G/hBN flakes exhibit complete monolayer coverage of the graphene, with
occurrences of bilayer and multilayer material, and amorphous carbon aggregation. Moiré patterns
with periods above the incommensurate maximum of 13.6 nm are observed. Other features of the
graphene layers include defects in the moiré patterns, strain-induced distortion of the moiré pattern,
and cracks in the graphene layer. These properties and other surface features were observed and
measured with atomic force microscopy. In this Chapter these features are described and explanations

for the retention and impact of strain accumulated during growth are presented.
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The process for the production of the G/hBN samples on sapphire is presented in 5.1, and the analysis
methods for the subsequent samples are discussed in 5.2. Following these Sections the surface
features are described and, where possible, explained, in Sections 5.3 through to 5.4. Finally, the
Raman maps taken across the surface of flakes on the samples is presented, and a comparison

between the Raman spectra of graphene on terraces against that of the aggregates is provided.

5.1 Production of the graphene

Before introduction to the vacuum system the sapphire substrates must be cleaned and loaded with
hBN. Sapphire was selected as the substrate due to its high chemical stability and melting
temperature, remaining stable at temperatures above 2000°C. The 1 cm x 1 cm x 1 mm c-plane
sapphire substrates were cleaned with a toluene immersion, followed by N, stream drying,
immediately prior to the hBN exfoliation. hBN flakes prepared via exfoliation were then deposited by
pressing the loaded tape onto the sapphire surface before peeling away to leave flakes on the surface.
The exfoliation deposition of hBN flakes onto the sapphire substrates results in tape residue on the
sapphire. This material was removed prior to introduction of these substrates into the vacuum system
with a two-step process. Firstly, the hBN/sapphire samples were soaked in toluene overnight before
removal and drying with a N, stream. Secondly, the samples were introduced to a tube furnace and
heated to 400°C for 8 hours under a Hy:Ar (5% H, and 95% Ar) atmosphere with a flow rate of 0.15

slpm.

After this cleaning process the samples were placed onto a Ta holder and introduced to the MBE
chamber described in Chapter 3. The system is pre-annealed at 400°C for 0.5 hours in the vacuum
chamber. The sample holder is then heated to 1390°C, measured by a thermocouple behind the
substrate holder. Carbon is deposited for 2 hours from the e-beam evaporator EBVV 63-T4 source. To
achieve a consistent deposition rate between samples the current applied to the tungsten filament

after a fresh fill of the carbon source material was 200 mA, which was increased by 50 mA for every
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subsequent deposition. The deposition rate is estimated ex-situ by AFM of the sapphire substrate,
comparing a gap scratched into the carbon layer with tweezers to the height of the carbon layer. The
growth rate of the carbon layer on the sapphire is found to average 38 = 1 nm/hour, while only a small

fraction of carbon material is retained on the hBN flakes.

5.2 Methodology of AFM and Raman

After cooling in the vacuum system, the samples can be removed and imaged with tapping- and
contact-mode AFM. AFM images of the surface were otherwise acquired in the same manner as
discussed in Section 4.2. The phase images provided by tapping-mode AFM provide the means to
identify the material composition of the surface, and topography can be used to find the thickness of

features at a location.

Raman spectra obtained from several flakes have been used to identify the material composition with
lateral precision down to the spot size of ~ 2 microns. Spectra were acquired with a Horiba LabRam
HR, using the 532 nm laser calibrated prior to measurement with a Si sample. A grating with 300
lines/mm was used alongside a laser power of ~ 30 mW and acquisition time of 45 s to acquire the
spectra presented. Peaks present within a Raman shift range of 1200 cm™ to 3000 cm™ were identified
and fitted with pseudo-Voigt peak profiles in OriginPro 8.5. As will be discussed in Section 5.5 the
intensity, FWHM, and positions of these fitted peaks can provide information on strain, defect density,

and the number of layers of the graphene, along with other properties.
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5.3 Introduction to the Surface Morphology

Many features of the G/hBN surfaces are common to samples from all considered sources. Graphene
monolayers are consistently observed on the hBN substrate including islands of relatively small lateral
scales up to complete surface coverage. Moiré patterns have been observed across the deposited
graphene surfaces, which shows that the graphene monolayers are in alignment with the hBN
substrate. In addition to the graphene sheets carbon aggregates are observed as a result of growth
from any of the sources [14-16]. As will be discussed in a later Section the composition of these
aggregates appears to differ between sources, with a likely dependence on the size of the carbon

clusters arriving on the surface during growth.

Figure 5.1 shows topography images exhibiting several features observed from the e-beam samples.
In 5.1 a) alarge (several microns) region of monolayer graphene has been punctuated with amorphous

aggregate clusters, from which bilayer and multilayers have nucleated. The hexagonal moiré patterns

Figure 5.1 — a) to b) are tapping mode AFM images of the graphene surface grown on hBN flakes with scale

bars of 250 nm and 200 nm, respectively. a) depicts graphene grown with a complete monolayer and sizeable
bilayer presence. Unstrained and uniform moiré patterns can be seen to extend across all layers. An
aggregate acts as a nucleation point for the formation of the multilayers. Image b) depicts a highly uniform
unstrained moiré pattern over a large area. The moiré period is 14.0 £ 0.2 nm, implying a non-zero but small

strain, common to many of the graphene sheets observed in this thesis.
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on the graphene in 5.1 a) have periods of ~ 13.6 nm. This corresponds to aligned graphene on hBN
where there is no angular misorientation between the lattices. This highly uniform moiré pattern is
also identified in 5.1 b), a 500 nm square topography image from a different sample. In b) the period
of the pattern is 14.0 nm, consistent with the presence of minimal, but non-zero, strain in the
graphene lattice. Strain accumulated in the graphene lattice can be identified by comparing the
observed moiré pattern, A;, to the expected maximum period of Ao = 13.6 nm, with the following

equation,

da _ sand

a a Ag

(5.1)

Where a is the graphene lattice constant, Aa/a is the fractional strain accumulated in the lattice, and
AAis defined as As — Ap. The 6a/a term encompasses the relative difference in the lattice constants of

graphene and HBN prior to strain, or 1.8%.

Figure 5.2 presents tapping-mode AFM images of graphene surfaces showing features likely arising
from the presence of high strain in the grown surfaces. Figures 5.2 a) and b) depict the topography
and phase images, respectively, of a region of the G/hBN surface in which two graphene sheets are
separated by the formation of a crack in the graphene. Moiré periods on either side of the crack, more
easily identified in the phase image in b), exhibit distinct periods and orientations. A changing strain
distribution likely contributes to the changing directions of the moiré lattice on the left of the crack,
though on a smaller scale the strain appears isotropic. Image c) provides an example of a highly
strained moiré pattern. The period of the observed moiré pattern is around 40 nm, corresponding to
significant strain in the graphene lattice. The distribution of strain through the lattice in this region is
non-uniform, with the period of the pattern varying with orientation and position in the region. Moiré
patterns with periods greater than 13.6 nm are observed on all graphene sheets present on these
samples. The previously described MBE carbon sources also produced graphene sheets with moiré

periods greater than 13.6 nm.
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Figure 5.2 — Three tapping-mode AFM images depicting regions of the G/hBN surface exhibiting high or

anisotropic strain. Images a) and b) are topography and phase images with scale bars of 100 nm of the same
region in which a crack in the graphene monolayer has formed. On either side of the crack, which exposes
the hBN substrate, the strains of the graphene monolayer differ and therefore so do the moiré periods. In
the topographic image c), with a scale bar of 200 nm, a highly strained moiré pattern is shown. The period
of the moiré pattern is ~40 nm. The strain is non-uniform with the orientation and period of the pattern
changing across the image. The period varies between 36.8 nm and 49.1 nm.
Wrinkles on the hBN flakes are observed, at scales on the order of 100 nm. On SiO; substrates
temperature regimes in which strain is transferred or otherwise between the substrate and the hBN
flakes has been shown to lead to accumulated compressive strain in hBN flakes during a thermal cycle,
leading to wrinkle formation [71]. The formation of these wrinkles in the hBN flakes is commonly
observed on sapphire substrates, such as the those used here [15]. In addition to the wrinkles,
extensive chains of carbon aggregates are identified, extending vertically to over 100 nm from the

terraces.

Despite the similarities of the graphene and boron nitride lattices many of the interesting properties
of the vertical heterostructures of the two materials arise as a result of their differences. Different
lattice parameters lead to moiré patterns as already described, and the introduction of point defects.
Differences in thermal expansion coefficients have been proposed to introduce strain in the surface,

leading to wrinkles, cracks, and extended moiré patterns [15].
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5.4 AFM Observations of the Graphene Sheets

Sheets of graphene grown on hBN commonly exhibit a moiré period of ~13.6 nm originating from the
lattice mismatch between the two lattices, oriented with zero twist angle. As described by Woods et
al. a highly oriented heterostructure of graphene and hBN may occupy one of two distinct phases, the
incommensurate and commensurate states [57]. The states impact the stacking modes of the lattices
locally. For samples in the incommensurate state the stacking of the two lattices varies across the
surface. Bulk boron nitride favours the AA’ stacking mode, as described in Chapter 2, in which any two
layers are positioned with each atom in a layer lying directly below and above atoms in the adjacent
layers and elemental site occupancy alternated between the two layers. Thus, adjacent hBN layers
differ by alternating between the two constituent atomic species present at the A or B lattice sites.
The alternation of site occupancy minimises the distance between B and N atoms. This stacking mode
differs from AB, in which adjacent layers differ by an offset of one bond length, which acts to increase

the distances between atoms in adjacent layers.

The differences in lattice constants between graphene and hBN prevent the perfect alignment of a
specific stacking order over long distances. Instead, the surface undergoes a transition between an
AA-like and AB-like stacking mode over the period of the moiré superlattice. This does not apply for
the commensurate surface, which can be expected in the case of zero twist angle and pinning of the
lattices. In commensurate regions the strained graphene lattice matches lattice constants with the
hBN substrate lattice over a small scale. This lattice matching leads to stacking in either the AA or AB
mode. The strain generated by the changes in the graphene lattice is accumulated into small regions
of highly compressed graphene. The result appears similar to the moiré pattern. The differences in
strain of the lattice-matched and strain-accumulated regions will lead to broadening of the Raman 2D

peak over the commensurate regions, when compared to incommensurate samples.

Pinning of adjacent layers of 2D materials is very common, preventing the layers from moving relative

to each other to release strain or conform on larger scales. As a result of pinning to the hBN substrate
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Figure 5.3 — a) shows a topographic AFM image of three graphene domains that have separated by the
formation of a crack in the graphene layer. These cracks are believed to form to release strain accumulated
by the cooling of the surface post-growth. The scale bar represents 200 nm, and a profile taken across the
exposed hBN is shown in b). The edges of the graphene domains tend to follow crystallographic directions,
identified in c) as armchair and zigzag which can be transitioned between by a rotation of the edge direction

relative to the lattice of 30°.

and the differences in thermal expansion during cooling post-growth, the graphene surface may
accumulate significant strain. On samples produced from the three sources the presence of aggregates
is consistently a feature, and it has been proposed that these aggregates, or the defects on which they
may form, may provide the pinning sites. This strain results in an increase in the average graphene
lattice constant, leading to moiré periods greater than 13.6 nm. Cracks observed in the graphene layer
may arise as a result of strain release as the material cools post-growth. An example of one of these
cracks is shown in Figure 5.3 a), where the break in the graphene has revealed the underlying hBN
substrate. Cracks such as these were observed on samples with large moiré periods and extend several
microns across the terraces of monolayer graphene sheets. As shown in Figure 5.3 a) these cracks
follow crystallographically significant directions of the relaxed graphene lattices, that is the armchair

or zigzag directions, with directional changes of the crack following multiples of 30°.
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Figure 5.4 — a) and b) show topographic images of unstrained and strained moiré patterns found on the
G/hBN samples. Scale bars on the images are 200 nm and 50 nm, respectively. The periods of the moiré
patterns are exhibited in the profiles shown in c) and d). In a) the moiré pattern varies over 14 + 1 nm on
average, with a slight anisotropy in direction between a minimum of 13.8 nm and a maximum of 14.5 nm,
with an observed wrinkle in the right of the image not appearing to impact the observed pattern. Similarly

in b) the moiré period varies from 20.8 nm to 22.5 nm over the three distinct directions. Notably the pattern

here is consistent across the bilayer monolayer and bilayer graphene, which is expected for zero twisting
angle between the graphene layers.
Where cracks do not form the highly strained surface can be identified by the moiré periods, with
periods above 13.6 nm, and sometimes exhibiting aperiodicity consistent with anisotropic strain.
Figures 5.4 a) and b) depict an unstrained and strained surface, respectively. The periods of the two
moiré periods being 14 and 22 nm are consistent with strains of 0.0 % and 1.1 % in the graphene

lattice. The moiré pattern is unaffected as it transitions between the monolayer and the bilayer
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Figure 5.5 — Incomplete bilayers of graphene grown upon complete monolayers of graphene were observed
on some samples. Image a) is an AFM topography image with a scale bar of 300 nm, which depicts a bilayer
domain that has merged with other bilayer domains at some edges during growth. The edges of this central
domain conform to the dodecagonal shape expected from a graphene domain with edges following the
armchair and zigzag directions of the lattice.

regions of the image in b). A non-zero twisting angle between the graphene layers leads to the
introduction of a second moiré with a much smaller period, which has, in previous works, been seen
to reduce the visibility of the hBN/G pattern. Instead, here we observe that the moiré patterns are
generally unaffected by the presence of the bilayer or trilayer, such as in Figure 5.5 a). As a result, we
can conclude that all multilayers are aligned to a very high degree with the underlying graphene
monolayer. For unstrained aligned moiré patterns exhibiting 13.6 nm periods the Z edge of the moiré

pattern is aligned with the Z edge of the underlying lattice.

As described by Cosma et al. defects observed in the moiré pattern translate to defects in the
underlying lattices [147]. This is because, assuming that both lattices producing the moiré pattern are
mostly defect-free, any defect in either lattice is magnified because of the in-plane dislocation of all
nearby sites relative to their position without the defect. Defects can be expected to have formed in
the surfaces analysed here for several reasons. Growth of material from hBN steps will inherently

result in defect formation due to the lattice mismatch between the two materials. Defects should also
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Figure 5.6 — In a) a large continuous graphene monolayer is depicted exhibiting multiple instances of single

vacancy defects in the moiré pattern over a 1 um? area. Several of these defects are identified within the
blue squares and associated with the lattice model presented in b). These defects are characterised by a
missing carbon atom and a reconstruction around the defect site. These defects may act to reduce some of
the strain present in the lattice, such as that arising from the templating of grown graphene material over
the slightly larger hBN lattice. The printed numbers represent the sum of carbon atoms contributing to the

ring.

be expected to arise from the interaction between neighbouring domains of the epitaxial material
during growth, arising from imperfect merging where rotational misalignment is present. In Figure 5.6
a) a large continuous monolayer of graphene, on the order of 1 um, is depicted on which several
defects are observed. Those highlighted are instances of single vacancy defects, in which a single
unoccupied site in the honeycomb lattice results in a 9-membered ring, and a neighbouring 5-
membered ring. In a surface exhibiting distortion the presence of vacancy defects is expected. These
defects are known to impact the strength and thermal conductivity of the graphene, in part due to

the introduction of dangling bonds to the sheet [148].
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Figure 5.7 — Two distinct structures with heights on the order of tens of nanometres are observed on all
samples presented here. Aggregate structures are shown in a) with the scales of chains of these aggregates
and aggregate structures positioned on graphene terraces presented in b) and c) taken from the red profiles
in a). The aggregate structures in image a) are ~ 85 = 5 nm in scale and consist of most of the carbon
accumulated on the hBN flakes during growth by volume. In d) the other distinct structure is exhibited. Red
arrows highlight some of the many instances of wrinkles in the hBN flake, that criss-cross the surface. These

wrinkles vary in vertical height significantly and are believed to arise from the heating of the hBN flakes.

5.5 Observations of the Grown Aggregate Structures on hBN Flakes

Two different large-scale structures, those taller than a few nanometres, are observed on the samples.
Carbon aggregates with an unknown structural composition are observed to have formed over a
significant fraction of the hBN surface. Secondly, wrinkles in the hBN susbtrate are observed to have
formed, which is expected to be a result of the thermal cycling of the hBN flakes. The specifics of the
aggregate composition are unknown, though they are formed during the carbon deposition.
Aggregates exhibit height scales on the order of ~100 nm, as seen in the profiles of Figure 5.7. Single
points of aggregate accumulation are observed on otherwise clear terraces and strings of aggregates
are observed too, used here to define the edges of the terraces. Wrinkles in the hBN are also observed,
separated by microns, with vertical scales on the order of 100 nm. Aggregate chains act as nucleation
sites for the formation of multilayers of graphene upon the hBN substrate. Bilayers and above
nucleated in this manner were laterally small on these samples, on the order of 200 — 300 nm, as seen
in Figure 5.8. As aggregates have been previously observed to form early in the growth process, prior
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Figure 5.8 — An AFM height image presented of the edge of a graphene terrace with a scale bar of 300 nm.
On the left edge of the image a chain of aggregates extends from the bottom to the top of the image,
appearing bright and without feature due to the large scale compared to the adjacent few-layer material. A
profile taken along the red line in the image is shown, on which the multilayers are identified. After a full
growth cycles multilayers of material nucleated here exhibit domains around 250 nm in scale, much smaller

than the several micron scale of the terrace.

to the formation of a complete graphene monolayer, the nucleation and growth rate of the multilayer

graphene layers must be slower than the monolayer under these conditions.

The composition of the aggregates has previously been shown to differ between the two earlier
carbon sources. The nature of the aggregates can be investigated with Raman spectroscopy, as will be
shown in the next Section. Additional differences observed between those previous sources include
the position of the aggregates as the growth front of the monolayers progress. It was observed that
the aggregates were identified at the centres of the growing islands from the graphite filament
sublimation source, likely acting as nucleation sites seeding the monolayer [16]. By comparison, the
aggregates appeared at the edges of growth fronts from the atomic source. In both instances high
concentrations of aggregate formation across the final terraces of the graphene monolayer are

observed. This can be compared to the monolayer graphene terraces produced with the e-beam
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source. In this source relatively large regions, several hundred nanometres up to one or two microns,

are largely free of aggregate presence, as seen in 5.4 a) and 5.6 a).

5.6 Raman Observations of the Monolayers and Aggregates

Raman spectra have been acquired from the surfaces of the hBN flakes after graphene growth.
Monolayer graphene exhibits several peaks in the range of 1200 cm™ to 3000 cm™, with relative
intensities, peak positions, and full width half maxima (FWHM) dependent on the defect density
amongst other properties. Previous studies of the Raman spectrum of graphene and other graphitic
materials have identified the peaks consistent with a pure, defect-free domain of monolayer
graphene. As described in Chapter 3, these peaks are the G and 2D at 1600 cm™ and around 2700 cm"
1 with the 2D peak position depending on the frequency of the incident laser [127]. Where defects or
edges are present the D peak at around 1350 cm™ is also observed with a position being dispersive
with laser energy. On pure hBN the strongest peak is observed at 1370 cm™ close to that of the D peak
of graphene/graphite and often obscured by it, with no other significant peaks observed in the 1200

cm? to 3000 cm™* range considered here [131].

The relative intensities of the D and G peaks have been previously shown by Tuinstra and Koenig to
provide a means for measuring the local defect concentration of a graphene sample [149]. Comparing
samples with low disorder, such as smaller defect concentrations and larger domains, with those
exhibiting high disorder material, such as greater defect and sp? site presence, shows that the Raman
spectrum has undergone many changes [126]. As disorder increases a broadening of the D and G peaks
occurs until distinct peaks cannot be resolved, and a broad low-intensity peak around 2700 cmis

observed.

Figure 5.9 consists of Raman, optical, and AFM maps of overlapping regions on a single G/hBN flake.

The Raman map has been presented by setting the colour dependent on the intensity of the D peak
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Figure 5.9 — A Raman map is presented in a) of a hBN flake, the optical image of which is shown in b). The map
depicts the observed intensity of the D peak at each position and is 20 pm wide by 30 um tall. An AFM image
taken of the region identifies an aggregate string at the orange point of each image, and a terrace at the green
position. The full fitted spectra obtained at these positions are presented, created with Voigt profiles. Namely,
at the position of the aggregate string the intensity of the G peak is comparable with that of the D and 2D
peaks, and the hBN peak is comparable with that of the D, allowing for splitting into the two individual peaks.
Finally, higher intensity peaks are observed at 2456 cm™ and 2934 cm™ at the aggregate string position.
at each point, with blue corresponding to the lowest values. The 10 um AFM image identifies the
presence of aggregates on the flake, consistent with the increased intensity of the D peak seen in
panel a). The spectra observed over the terrace and aggregate strings identified in panel c) are
presented. Several differences between the two spectra can be observed and are discussed below.
Firstly, the relative intensities of the D and G peak differ significantly. The relative intensities between
the G and 2D peak also vary, in addition to the presence of a peak at 2950 cm™ on the aggregate
spectrum. We will first consider the importance of these intensity variations, and then move the

discussion onto FWHM and position changes between the spectra and the import of such.

Tuinstra and Koenig described the impact of the finite grains and defects of the monolayer on the
relative intensities of the D and G peaks, /(D)/I(G) [149]. Lucchese confirmed this relation for a 514 nm
excitation source, finding that /(D)/I(G) is approximately equal to 145/L,? where L is the average inter-

defect distance [150]. However, this relation will break down where when Lp is smaller than the
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average travel distance of an e-h pair before phonon scattering, estimated at ~3.5 nm, or when
domains are small [126]. As described by Ferrari and Basko for crystal sizes or inter-defect distances
on the order of ~3 nm the relation changes and /(D)/I(G) becomes negatively dependent upon the
defect concentration [126]. As well as the inversion of the I(D)/I(G) this regime exhibits changes in the
position of the G peak, specifically a downshift from around 1600 cm™ towards 1510 cm™. As this
downshift is not observed for the G peak of the aggregate spectrum shown in Figure 5.9 this implies

that the low defect-density domain is being observed in this spectrum.

The relative intensities of the G and 2D peak, /(G)/I(2D) are a key signifier of the presence of monolayer
graphene [127]. The position, intensity, and FWHM of the 2D peak are known to depend upon the
number of graphene layers due to splitting of the pi orbitals due to interlayer interactions [151]. These
parameters can therefore be used as another metric to establish the presence of monolayer graphene,
and the presence of multilayer graphene nucleated close to the aggregates as identified previously in
this Chapter. By comparison with the work of Hao et al. the relative intensities of the G and 2D peaks
on the terrace appears consistent with the single monolayer, whereas that at the aggregate position
is closer to tri-layer or greater [151]. The FWHM of the fitted 2D Voigt profile on the terrace is equal
to 38.1 £ 0.1 cm™?, between the estimate for the monolayer and bilayer. When the same spectrum is
fitted to a Lorentzian profile the measure of quality of the fit, the reduced chi squared value, is greater,
signifying a worse fit. The FWHM of the Lorentzian fit, 33.4 £ 0.2 cm™, is closer to the expected value
for the monolayer and corresponds to the fit used by Hao et al. It should be noted that the improved
quality of the Voigt fit is likely due to the presence of three components to the 2D peak. The positions
of these component peaks have previously been shown to depend on the surface strain, observed as
the period of the moiré pattern between the graphene and hBN [15]. As such, the spectrum is
consistent with the presence of a moiré period of ~ 14 nm, or unstrained, aligned, graphene on hBN.
Comparatively, the FWHM at the aggregate position is 61.6 cm™, corresponding to 4-layer graphene.

Both spectra exhibit 2D peak positions around 2685 cm?, consistent with other spectra taken from
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the sample, equivalent to that expected of the single-monolayer. This may arise due to the relatively

small scale of the multilayer material about the aggregate position.

In Albar et al. the FWHM of the G peak was interpreted as a metric for establishing the composition
of aggregates of G on hBN [16]. Graphitic aggregates exhibit G-peak FWHM of ~35 cm™, compared to
76 cm™ FWHM from the amorphous C aggregates. The Voigt-fitted G peaks observed on samples
grown with the e-beam source exhibit FWHMSs 30 and 38 cm™, consistent with an assigned graphitic

aggregate composition.

5.7 Summary

In this Chapter analysis of surface features from the deposition of graphene on hBN flakes was
presented. Comparisons were made between these samples, deposited with the use of an e-beam
sublimation source for the carbon material, and previous samples making use of two earlier sources
relying on other sublimation mechanisms. E-beam source samples produced large monolayer domains
of graphene rotationally aligned with the hBN substrate were observed exhibiting moiré periods at or
above 13.6 nm. Moiré periods above 13.6 nm were assigned to the presence of strain in the graphene
surface post growth as a result of cooling and differences in the thermal expansion coefficients of the
graphene and hBN. Cracks in the graphene layer were observed, revealing the hBN flake beneath, and
aligned with the armchair and zigzag directions of the aligned and unstrained lattice. The cracks are

assumed to arise as a tension release mechanism for the acquired strain.

Chains of graphitic aggregates were observed to form on the surface, extending up to ~ 100 nm
vertically from the surface. Raman comparisons between monolayer graphene material and that of
the aggregates showed few differences, which provokes several possible interpretations. More
research is required to separate the Raman spectra of the multilayers present around the aggregates

from that of the aggregates themselves.
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Prior sources, as discussed in Chapter 2, were too unstable for the reliable production of graphene on
the small scales necessary for integration into lateral heterostructures as described in the subsequent
Chapter. The stability of the e-beam source and the quality of the monolayer graphene sheets
produced provide a pathway for the production of lateral G/hBN heterostructures from MBE. In the
following Chapters this source will be used in the production of lateral G/hBN heterostructures on
HOPG substrates. These structures will be presented, alongside the influence on the production of
supramolecular networks. Without this e-beam source these following studies would not have been

possible.
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Chapter 6: hBN/G/hBN Heterostructures Grown by MBE

6. Overview

2D lateral heterostructures exhibit the potential for low-dimensional electronic devices with a
superior performance to vertical heterostructures. In Chapter 2 recent studies of the properties and
production of lateral heterostructures of TMDCs were discussed. The unique semi-metallic properties
of graphene and its inherently 2D nature have resulted in multiple studies of the integration of
graphene into planar structures. The similar lattice of hBN to graphene leads to the possible
production of high-quality lateral heterostructures with clean interfaces. Under optimal growth
conditions the similarity of the lattices of hBN and graphene results in low defect density hBN/G

heterojunctions and minimal 3D growth, as was demonstrated for hBN on graphite in Chapter 4.

In the previous Chapter we demonstrated the production of domains of hBN of varying sizes on
graphite with high temperature molecular beam epitaxy (HT-MBE). The resulting hBN domains
exhibited facetted grain edges following crystallographically significant directions, which is beneficial
for the production of quality 2D interfaces. Earlier work at Nottingham has established the production
of graphene on bulk hBN flakes with MBE [15,16]. A natural progression of this work was then to grow
hBN and G heterojunctions by alternating the growth of hBN and G with HT-MBE on a common
substrate. Successive growth cycles of G and hBN on HOPG have been carried out and in this Chapter
an analysis of the resulting surface is presented. The process used to produce the samples is presented

in 6.1. The morphology of the surfaces has been analysed with AFM as described in 6.2. Following this
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Table of Samples

Sample Name  Temp (°C) Time (mins) Material Deposited
I 1390 90 hBN

I 1390 1 G

[l 1390 10 hBN

v 1390 90/1/10 hBN/G/hBN

Table 6.1 — This table contains a list of all samples from which data has been presented. Samples | to lll are
the same substrate after the first, second, and third depositions, respectively. The growth conditions differ
between Ill and IV due to the intentional removal of the system in Il after each growth stage for imaging,

and the purely vacuum conditions between growth cycles for sample IV.

discussion, features of the heterostructure domains, and the distinct ribbons of 2D materials, are
separately presented in Sections 6.3, through to 6.6. The production of lateral heterostructures of

graphene/hBN in other studies is discussed in Section 6.7.

6.1 Summary of the Production Process

Graphene and hBN were grown on HOPG substrates using the epitaxial systems described in Chapter
3. HOPG substrates were cleaned prior to entry into the system in the same manner as previously
described, followed by introduction to the chamber for the first hBN deposition. From this point the
growth procedures for the samples from which data is presented in this Chapter differ from the
process described previously. The first sample produced, labelled as |, was allowed to cool to room
temperature after a first hBN growth cycle using a substrate temperature of 1390°C and a growth time
of one and a half hours. Images of the sample surface were obtained with AFM and the sample was
subsequently loaded into the graphene deposition chamber. The current to the carbon e-beam source
was not varied between samples as described in Chapter 5.1. This decision was made to the relatively

small quantity of material being deposited, however it should be noted that this may have resulted in
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slightly different graphene deposition rates between the two graphene depositions used here.
Graphene growth was carried out at 1390°C for 1 minute, to form the sample, labelled Il, before
removal, imaging, and replacement into the hBN chamber for a further cycle of growth. The second
cycle of hBN growth was carried out at 1390°C for 10 minutes (sample Ill), and AFM images acquired
after removal from the vacuum system. In this manner three sets of images were acquired from the
same substrate at different stages during the production of the heterostructure. For comparison
another sample, IV, was produced using the same growth cycles as for I-lll, though without any
removal to atmosphere between growths. A comparison of images of these sample provides
information about the effects of atmospheric exposure during the growth cycle. The growth

conditions of the four datasets are presented in Table 6.1.

6.2 AFM Methodology

As in Chapter 4 conductive and tapping mode AFM have been used to investigate the surface
morphology of the produced samples. Images acquired using the topography and phase channels
obtained with tapping mode allow for the identification of large scale (100 nm — 15 um) surface
features and provide the necessary information for distinguishing the two materials. The conductive
mode images were taken on scales from 5 nm to 1 um, and images taken at the lower end of that

range reveal the lattice period of the surface.

Profiles taken over the surface sometimes exhibit differences in the apparent height of a monolayer.
Lateral precision in AFM can be limited for topographically-high surface structures by the sharpness
of the tip, but the uncertainties in vertical precision are less commonly discussed in the literature. As
discussed in Chapter 4, the apparent differences in the monolayer heights arise from material-
dependent probe-surface interactions which can be modified by properties such as the elastic
constant or friction coefficients of the surface [137]. Changes in these properties and others result in

variations in the equilibrium tip position under the constant force conditions used in contact-mode
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AFM. In tapping-mode AFM choice of cantilever and operational parameters have also been shown to
impact the apparent height of islands on the surface [152—-154]. These interactions modify the
apparent vertical height of the surface at each point, but do not impact the lateral uncertainty of the
measurements. This phenomenon prevents accurate measurements of multilayer thicknesses as
discussed in the previous Chapter. Presented images still provide valuable measurements of the width
of the 2D epilayer bands, identification of monolayer height steps, and readings of the morphology of

the surface.

6.3 Morphology of the Lateral Heterostructures

Samples produced by the successive depositions of boron/nitrogen and carbon exhibit adjacent
domains of monolayer growth. Lateral heterojunctions consisting of two monolayer hBN sheets
connected by a graphene strip have been grown on samples Il and IV. Morphologies of the samples

were identified with AFM images, the features of which are shown in this Section.

Figure 6.1 depicts the successive cycles of the growth of one sample with AFM images selected to
show the monolayer sheets. The initial hBN growth carried out on the HOPG substrate resulted in
hexagonal growth consistent with the findings in Chapter 4, as shown in Figure 6.1 a). These large

hexagonal domains follow the armchair direction of the underlying graphite lattice. In image b) the
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Figure 6.1 — Three AFM topography images have been obtained from the sample datasets |, Il, and Ill and

are shown in a), b), and c) respectively. The images, with scale bars of 200 nm, 100 nm, and 100 nm
respectively, have been presented to convey the observed changes in the monolayers after each growth
stage. Profiles taken along the red line in each image are presented below. The profiles have been taken
over the successive heterostructure development, and show that the structure is confined to the monolayer.
As established in Chapter 4 and seen in a), the substrate growth temperature used in the production of these
samples results in hexagonal hBN growth. In b) the graphene epilayer is seen to follow the edge direction of
the hBN monolayer, but undergoes a transtion to a different direction at corners in the hBN domain.
Diagrams presented beneath the profiles show a simple model of the surface at the stage of growth in the
image above. In these diagrams the graphite substrate is represented in black and the graphene and hBN
monolayers in blue and red, respectively.
hBN growth can be observed to have templated the growth of a graphene epilayer with a constant

average sheet width over the sample and an edge direction parallel to that of the hBN growth. In c) a

final hBN monolayer has grown laterally from the graphene strip. The properties of the ribbons and

the heterojunction are covered in later Sections in greater detail.
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The growth processes of samples Il and IV are distinct due to the repeated removal of Il from the
vacuum system between growth cycles and the lack of this removal for IV. Images of heterojunctions
on these samples are presented in Figure 6.2 with profiles presented below. Broadly the two surfaces
are very similar, with no aggregate formation at the lateral interfaces formed by the second and third
growth cycles. The second growth cycle hBN sheet widths are similar between samples Ill and IV, and
are identified as 25 £ 3 nm and 33 £ 2 nm, respectively. As identified by the profiles in Figure 6.2 the
graphene sheet width between the two samples appears to differ. In sample lll the width of the

graphene sheet was 57 + 4 nm and from sample IV the graphene sheet width was 25 £+ 2 nm. The

Height (nm)

0 40 80 120 160 0 50 100 150
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Figure 6.2 — Topography images taken of samples Il and IV with tapping mode AFM are presented with scale
bars of 500 nm to compare the surfaces. These samples differ as lll was removed from the vacuum between
each growth stage, whereas IV remained in vacuum until all growths were completed. Aggregates were not
observed to have formed at the lateral interfaces formed by the second and third growth cycles, such as the
interface between the graphene strip and the second hBN monolayer growth. As has been identified in the
profiles beneath the images, sample Il exhibits an ~50% greater graphene epilayer width than IV. This is
likely due to the small growth times used in production and the possibility for error in the estimate of

material deposited.
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differences in sheet widths could arise from differences in the deposition rate of the carbon between
samples. The source current was not raised between successive carbon depositions to counter for the
loss of deposition rate that arises, as was described in Chapter 5.1, as only a small quantity of source
material was sublimated. As a result, small changes in the deposition rate from sample to sample may
be expected. Removal of the sample from the system does not appear to result in a reduction in the

quality of the deposited material or impact the formation of the clean heterojunctions.

As shown in Figure 6.3, in some instances second-layer islands of hBN are found after the first growth
cycle. Where this has occurred, there is the potential, after subsequent growth cycles, to compare the
rates of growth on hBN and HOPG. In Figure 6.3 a) a 750 nm square AFM image is presented in which
two hBN monolayers have grown in the first growth stage as necessary for comparison. The colour
contrast of images b) and c) has been normalised to highlight the second and first monolayers,

respectively. The first and second monolayers are also labelled in b) as 1ML and 2ML, respectively.

The graphene epilayer does not exhibit any changes between nucleation on the HOPG or hBN
monolayer substrates. The sheet widths of both graphene ribbons are the same, within experimental
error, and measured to be 25 + 2 nm, the value measured elsewhere on the sample, and the external
edge direction remains parallel to the edge of the hBN monolayer. Unlike the graphene ribbon the
width of the second hBN growth does differ substantially between the two surfaces. The average sheet
width of the hBN layer grown on an underlying hBN layer was measured to be 20 + 1 nm, substantially

smaller than that of the hBN grown directly on the graphite substrate, 34 + 1 nm. This substrate
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Figure 6.3 — Images a) and b) are phase and topography AFM images exhibiting a region consisting of two
layers of the lateral heterostructure with scale bars of 200 nm. Image a) has been provided to identify the
presence of the hBN, graphene and HOPG within the region. A contrast bar to the right provides a scale to
measure differences in the height of the surfaces and shows that b) covers two monolayers with some
aggregate presence. On the top left of the image a bilayer island of hBN has provided a nucleation point for
a graphene epilayer on an underlying hBN layer. Growth over the graphite substrate versus that of the hBN
monolayer can be compared by looking at images b) and c). In these images, with scale bars of 100 nm, no
differences in the graphene layer are observed. Significant differences in the width of the encapsulating hBN
epilayer are found and are identified with white lines in b) and c) and are measured at 20t 1 nmand 34 +1
nm on average, respectively.

dependence on the hBN growth may arise from one or several sources, such as a greater surface

binding energy of the HOPG over the hBN surface to one or both hBN constituents.

To summarize, successive growths of hBN, G, and hBN on a HOPG substrate resulted in lateral
heterojunctions of hBN/G/hBN. The G growth and the subsequent hBN growth form lateral
heterointerfaces at the edges of pre-existing islands of previous growths with no independent
nucleation on terraces. Comparison of samples Ill and IV show no significant differences between
samples grown with or without removal from the vacuum system between growth cycles. AFM of the
resulting structure shows no difference between the heterojunctions grown on a hBN monolayer
compared to those on the HOPG substrate, but for a reduction in the sheet width of the hBN ribbon

formed from the third growth cycle.
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6.4 Surface Features after the Carbon Deposition

Carbon deposited on the surface after the first hBN deposition accumulated as monolayer growth and
as amorphous aggregates. It may additionally have incorporated into the BN aggregate structures. All
observed monolayer growth was seen to have nucleated from the edges of the hBN monolayers
deposited in the first stage of growth. The graphene ribbons exhibit highly consistent thickness around
the hBN domains and follow the contours of the hBN epilayers to a high degree. The carbon aggregates

formed on the hBN monolayer, running perpendicular to the graphite steps.

Energetic particles in an epitaxial growth system can damage and etch surfaces. The nitrogen
precursor was directed onto the surface as a plasma. These energised particles could result in the
stripping of carbon from the graphene ribbons during the growth of the final hBN ribbons, resulting in

a reduced graphene sheet width. Figure 6.4 a) and b) compare images of samples Il and lll, that is pre-
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Figure 6.4 — Two topography images taken of the surface of Il and Il with scale bars of 200 nm. The selected
images show that the thickness of the graphene ribbon has reduced during the growth of the final hBN layer.
The light colouring of the graphene strip and HOPG in image b) arise from accumulation of contaminants
observed on samples after several weeks of exposure to atmosphere. Contamination of the hBN is not
observed. After the graphene ribbon was grown an average graphene sheet width of 66 + 1 nm was obtained
from a) and other images. As is labelled on b) an average graphene sheet width of 57 + 4 nm was measured

after the final hBN growth.
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Figure 6.5 — On the left is shown a tapping-mode image from the surface of IV with a scale bar of 200 nm.

The image exhibits two instances where the hBN/G/hBN structure has nucleated on top of an underlying
hBN layer. Blue and red lines annotated onto the image are displaying the direction of the edge of the
epilayers, where blue edges are armchair-oriented, and red are zigzag. The diagram to the right of the image
displays the preferred edges of the epilayers and the resulting island shape. This island shape compares
favourably with the second-layer islands observed on the left of the AFM image.
and post-growth of the final hBN layer. The graphene ribbons and the direction of growth are
identified by blue arrows in images a) and b). The average sheet width of the graphene ribbons taken
from images of these two samples show a width reduction of ~14% after hBN growth. This may arise
from etching of the graphene ribbon or chemical modification of the edges during the growth of the
hBN epilayer. Should the removal of material from the graphene monolayer be due to damage from
ionised particles one would expect holes or heavy defect presence in the remaining graphene. This is
inconsistent with the appearance of the graphene as can be seen in the images of Fig. 6.4 b) and Fig.
6.5 the graphene strips. Incorporation of boron nitride into the graphene ribbon during the growth
may also result in an apparent reduction of the G sheet width in AFM images, though this is not

expected to occur due to a lack of phase mixing in these growth conditions [155].

The orientation of the edges of 2D materials can result in very different electronic properties or

chemical functionalization [25,156]. For example, nanoribbons of graphene with armchair or zigzag
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external edges exhibit differing band gaps and the presence of spin-polarized edge states in the case
of the zigzag edge [157]. Figure 6.5 shows a tapping-mode image of sample IV accompanied by a
diagram highlighting the direction of the edges identified from the image. The hBN monolayer was
observed to exhibit armchair-aligned growth at the substrate growth temperatures used. The
graphene ribbons follow the crystallographically-significant armchair and zigzag directions. Over the
majority of the hBN domain edges the graphene ribbons follow the armchair direction. The outer edge
of the graphene ribbons transitions to the zigzag direction at corners of the hBN domains. The
resulting thickness of the graphene ribbon is 25 £ 2 nm on sample IV as previously described. The

behaviour remains consistent where two hBN domains lie in proximity.

Grain Boundaries

Figure 6.6 — A topography AFM image of the edge of a domain from sample IV is presented. The scale bar is
100 nm and the image is annotated to identify the materials of the epilayers and the grain boundaries visible
in the presented structure. The grain boundaries are highlighted to show the relatively high presence of
these boundaries on the outer hBN epilayer compared to the lack of boundaries on the hBN domain

originating from the first growth cycle.
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6.5 Properties of the Second hBN Ribbon

The second hBN growth cycle results in a thin, monolayer hBN ribbon extending laterally from the
graphene epilayers present on the surface. In this regard the final hBN growth behaves similarly to the
first in that the 2D growth requires graphitic steps for nucleation sites. Sheet width and other
morphological differences exist between the results of the two hBN growth cycles, namely the
prevalence of grain boundaries and lack of interfacial BN aggregates on material from the second hBN

growth cycle.

Figure 6.6 presents a topography image from a hBN/HOPG sample. Grain boundaries are visible as
lines of increased height. Compared to the hBN domain at the top of the image, from which the two
epilayers have subsequently grown, there is a very high concentration of domain boundaries on the
second hBN growth. These images show the high density of domains occurring in the early stages of
the first hBN growth. Some of these domains are entirely enclosed by aligned neighbours, resulting in
a relatively small number of large domains as the growth progresses. As shown in the images of Figure
6.7 enclosed domains arise in wider hBN sheets where an initially high density of grains has been
reduced as the growth progresses by the presence of faster growing neighbouring domains. Some of
the grain boundaries on the external hBN ribbons of samples Ill and IV should be expected to form
small, enclosed domains with longer growth times. With this considered the density of hBN grain
boundaries on HOPG from the second growth cycle is 15 + 7 boundaries/um™, higher than that the 11
+ 2 boundaries/um observed in the single hBN monolayer growth of other samples, implying a higher

nucleation rate of hBN along the graphene ribbons than from the HOPG steps.
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Figure 6.7 — Two tapping-mode AFM images presented from a hBN/HOPG growth with a longer growth time.

The images are a) and b) are from two separate regions of the same sample. Differences are observed in the
density of grain boundaries close to the HOPG step and close to the edge of the hBN growth. Some domains
are enclosed as growth continues, leading to a reduction in the grain boundary density nearer to the growth
edge. The three images presented beneath are zoomed in regions of the images above, highlighting the

positions of the enclosed domains. Blue lines are provided to identify the position of the HOPG step.
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6.6 Aggregate Formation and Growth over Multiple Growth Cycles

Amorphous carbon and BN aggregates were observed on all samples discussed here. As observed in
Chapter 4 on samples of hBN/HOPG, the BN aggregates have formed chains of material along steps
on the graphite surface. BN aggregate structures are observed on all samples, forming after the first
hBN growth and retained after subsequent depositions. The exact material composition of the BN
aggregates is unknown and the volume of the aggregates varied between growth cycles, during which

the composition may have altered.

Amorphous carbon aggregates were observed to have formed on grain boundaries of the hBN
monolayer during the graphene growth cycle. Figure 6.8 shows AFM images from samples Il and IV to
compare BN grain boundaries from the first hBN growth cycle before and after the additional growth

cycles. Profiles from the two images highlight a significant increase in the height of the boundary,
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Figure 6.8 — Images a) and b) display tapping-mode AFM images with scale bars of 250 nm. The image in a)
was taken from sample Il and image b) from sample IV. The images have been selected to compare hBN
grain boundaries before and after the second and third growth cycles. Profiles across a grain boundary from
each image are presented in ai) and bi). The profile in ai) shows a grain boundary height of ~0.3 nm. In
comparison, bi) shows a height of 7.8 nm, more consistent with the height of the amorphous BN aggregates
across HOPG steps than with the prior grain boundary. The carbon deposition is believed to have formed

carbon aggregates on the grain boundaries of the hBN domains produced in the first growth cycle.
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signalling the presence of additional material. The height of the grain boundary observed on sample
IV in Figure 6.8 b) is more consistent with the heights of BN aggregate material on the HOPG steps
than that of the hBN grain boundaries. This is explained by the formation of carbon aggregates on hBN

grain boundaries during subsequent growth cycles.

As discussed in Chapter 4, the grain boundary of adjacent hBN domains grown on a HOPG substrate
likely consists of 5|7 or 4|8 defects. The energy cost of these pairs and the resulting reduction in
stability of the monolayer at the grain boundaries introduces the possibility for 3D structure formation

such as that observed here.

6.7 Discussion of G/hBN Lateral Heterostructures Produced with MBE and CVD

CVD-grown lateral heterostructures of graphene and hBN have been produced by other groups with
a variety of substrates and growth processes. As a result of different production processes and
substrates, the investigated samples exhibit distinct surface morphologies, limiting direct
comparisons. Common substrates for CVD production of graphene/hBN heterostructures include
Ni(111) and Cu(111), which have previously proven effective for the growth of graphene and hBN

separately [158-161].

Successive deposition of carbon and hBN is one of the most common methods for the CVD production
of lateral heterostructures [70,159,162,163]. In Wei et al. (2020) islands of hBN were deposited on a
Ni(111) substrate and were subsequently surrounded by a monolayer of graphene [159]. The order of
deposition of the graphene or hBN monolayers were shown to significantly impact the alignment of
the domains of the two materials. With significant misalighment the interfaces between the domains
will exhibit a greater defect concentration and clean merging between neighbouring domains cannot
occur. As such growth of the second deposited layer should proceed by attachment from existing

domains to encourage alignment, with steps taken to reduce independent nucleation on terraces for
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the second growth cycle. This was achieved in Wei et al. by the deposition of hBN prior to graphene
[159]. It was also noted by Kim et al. (2013) that the temperatures necessary for the deposition of
graphene are high enough that significant etching of the deposited hBN material can occur on some
substrates [70,163]. For the MBE-produced samples investigated in this thesis all monolayer growth
was observed to form by attachment to previous monolayer depositions and steps in the HOPG
substrate. Successive depositions of carbon and boron/nitrogen onto HOPG with HT-MBE resulted in
monolayer lateral heterojunctions of hBN/G/hBN. Thin ribbons of graphene and hBN have been grown
and encircle large hBN domains, nucleating along the edges of the 2D epilayers formed in the previous

growth cycles.

Strong alignment between domains is also known to depend upon the choice of substrate, with a
greater likelihood of alighment where the lattice parameters of the substrate and grown material are
similar. As such production of graphene/hBN heterostructures on a hBN substrate was carried out by
Liu et al. (2013) [72]. This was achieved by etching a hBN film with argon ion etching, with few-layer
graphene grown to fill the etched pits in the hBN. As a result of the process atomically sharp lateral
interfaces are produced with the etching process allowing for the formation of designed lateral
features, such as those necessary for electronic devices. The study did not aim to produce monolayer
graphene or features smaller in scale than 100 nm, so the possibility of smaller, monolayer devices
has not been demonstrated. The heterostructure production method presented here provide a means
to control the scale of features to a much finer degree, down to a few to 10s of nanometres. This is,
in effect, exchanged for the very high degree of control at the larger scales provided by the etching

process, pointing to potentially distinct use cases for the two methods.

The width of the lateral interface between the graphene and hBN can be controlled by the CVD growth
process, with finite interface widths meaning regions where the hexagons of hBN or graphene
incorporate atoms of C or B/N respectively [160,164]. This mixing region between the two different

material monolayers are dependent on the presence of growth constituents left over from the
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previous growth cycle during the subsequent growth. For example, fragments of the borazine
constituent left on the surface after hBN growth will mix with the C species deposited for the graphene
growth to produce a mixed hBN/graphene alloy at the interface between the two materials. This arises
from the chemical equilibrium within the CVD system during growth, though processes have been

developed to mitigate or control the formation of the mixed alloy region [164].

In Liu et al. (2014) the researchers explore the deposition of hBN/G lateral heterostructures with a
thin, zigzag boundary [162]. This was achieved by deposition on an Ir(111) substrate with successive
depositions of the precursors. By producing material with a consistent edge direction further study
can be carried out to explore the electronic properties of the ribbons of the heterostructure. Graphene
ribbons with zigzag boundaries are known to exhibit semi-metallic properties with a non-zero
magnetic moment. In the results presented above, the hBN growths exhibit edges following the
armchair orientation of the atomic lattices. The graphene ribbons were observed to follow the hBN
edge from which they are nucleated and transition to a zigzag orientation at corners of the hBN

domain.

The two highly distinct processes resulting from direct deposition of hBN/G onto metallic substrates,
and the growth of graphene from etched hBN result in entirely different morphologies comprised of
lateral heterostructures of G/hBN. These heterostructures in turn differ from the MBE-produced
samples studied in this work, resulting in distinct applications as the field of lateral heterostructure

production progresses.
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Chapter 7 — Growth of CA.M/PTCDI on G/hBN Heterostructures

7. Introduction

Molecular self-assembly is a process by which spontaneous aggregation of molecules to form coherent
supramolecular networks, either in solution or on a substrate, is observed. The structures are bonded
via non-covalent interactions, such as the hydrogen bonding observed in the CA.M structure [165].
Ongoing studies vary the environment and molecular precursors to explore the generated
nanostructures [166]. The growth of supramolecular networks depends heavily on the choice of
molecule to deposit and the substrate. Monolayer depositions of these structures may benefit the
production of ultrathin electronic or optical devices with reliable, cheap, and quick deposition
methods. Single monolayers consisting of a hexagonal network of cyanuric acid-melamine (CA.M)
have previously been deposited on black phosphorus (bP) and hexagonal boron nitride (hBN)
[112,167]. These monolayers were shown to form a hexagonal lattice with adjacent sites occupied by
alternately by CA and M molecules. The monolayers were observed to inhibit the degradation of a bP
surface during exposure to atmosphere. PTCDI has also been deposited on hBN substrates, which were
shown to influence the photoluminescence spectra of the molecules when compared to in solution.
In this Chapter depositions of these molecular structures have been performed on graphite substrates
and hBN/graphite heterostructures. The formation of the monolayer structures of CA.M and PTCDI
was identified and the influence of the presence of hBN on the graphite surface, with its differing
bonding structure and interaction with solvents, is expected to modify the deposition of molecular

layers.

The morphology of the resulting heterostructures were investigated primarily with AFM.
Photoluminescence spectra are shown where the spectral peaks are resolved. In Section 7.2 the

deposition processes for the CA.M and PTCDI layers are described. This is followed by an overview of
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the analysis methods in 7.3, with more details available in Chapter 3. Sections 7.4 and 7.5 discuss the
resulting structures present on the graphite and hBN/graphite surfaces, with comparison made to

depositions on hBN where appropriate. An overall summary of the results is provided in Section 7.6.

7.1 Deposition Processes for CA.M and PTCDI

Graphite and hBN/HOPG substrates were cleaned prior to molecular deposition. The hBN/HOPG
substrates referred to were produced with MBE and exhibit features such as those described in
Chapter 4. The graphite substates, consisting of 1 cm? HOPG chips, were initially exfoliated to remove
an outer layer of graphite and any accompanying contaminants. The HOPG substrates were then
cleaned by toluene immersion and dried with N, as described in Chapter 3.2. This was followed by
heating the HOPG substrates in a tube furnace at 300°C for 4 hours, a process that was also carried
out for the hBN/HOPG substrates. This was necessary for both sets of substrates as the graphene
surface was observed to accumulate a contaminant layer over time, which may have impacted on any

depositions.

After these cleaning processes were complete the substrates were considered ready for molecular
deposition. CA.M layers were deposited by immersion as described in Chapter 3, with immersion times
varied between 30s and 60s. Immersion times of 60s were established by Korolkov et al. to resultin a
complete monolayer on exfoliated hBN flakes [167]. The lower immersion times were expected to
result in partial monolayers of the CA.M structure. Given the formation of triangular islands of CA.M
for partial coverage on hBN flakes, a lower immersion time was intended to aid in the identification

of the CA.M on the HOPG substrates.

PTCDI depositions were carried out by sublimation in the dedicated vacuum system described in

Chapter 3. For each of the samples discussed here a quantity of PTCDI material corresponding to 0.3
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ML was deposited. Due to the presence of CA.M on some of the measured substrates the temperature
of the substrate during PTCDI deposition was limited to 50°C as higher temperatures were observed

to remove the CA.M layer from the surface.

The selection of samples exhibited in this Chapter involve deposition of combinations of CA.M and

PTCDI on HOPG and hBN/HOPG as described above.

7.2 AFM and PL

Atomic force microscopy (AFM) measurements were taken on the surfaces of all samples presented
in this Chapter. Tapping-mode and contact-mode AFM images were obtained on scales ranging from
100 nm up to several microns. Topographic and phase images were analysed with the Gwyddion open-
source program to identify the presence of the supramolecular structures and their morphologies.
Contact-mode AFM can be used to brush aside material from a position on the substrate. This process
can be used to identify the thickness of the layer at a position on the surface. The tip is brought close
to the surface and force applied until material is displaced by the tip. Due to the relative weakness of
the binding of some molecular layers on the surface, the graphite surface is relatively unaffected by
the passage of the tip, while the molecular layer can be moved. This results in a distinct feature on the
surface in which material has accumulated at the edges of the square imaged region along the edges
perpendicular to the motion of the tip. Rotating the image plane by 90° for a subsequent scan can

then reveal the thickness of the layer on the graphite substrate.

All topography images are presented with scale bars or profiles to aid in identification of the height of
surface features. The absolute values for phase images cannot be simply interpreted, so scale bars for

these images are not included for the sake of simplicity.

In addition to the AFM data, photoluminescence (PL) spectra were obtained from each sample.
Spectra were obtained with the laser system described in Chapter 3 with acquisition times of 5s with

measured wavelength ranges from 475 nm to 1100 nm. For molecules deposited on graphite
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substrates the resulting spectra will exhibit no peaks in the PL spectra. This occurs due to quenching
of the luminescence resulting from the migration of excitons in the molecules into the neighbouring
graphite [168]. For the majority of samples presented here this quenching was sufficient to eliminate
all peaks in the luminescence spectrum. By separating the luminescent molecules from the graphite it
has previously been shown that the impact of the graphite in quenching the molecules can be reduced

[168].

7.3 Surface Features of CA.M and PTCDI on HOPG Substrates

A comparison can be performed between the morphology of deposited CA.M and PTCDI layers
deposited on the HOPG and hBN/HOPG substrates. Depositions on hBN flakes exfoliated onto silicon
chips have previously shown that the lattice of the hBN substrate has some influence on the growth
of PTCDI islands [169]. Islands of PTCDI deposited by sublimation onto the hBN were found to orient
primarily along nine directions separated by 20° consistent with some preferred orientations
impacted by the underlying lattice. CA.M structures form on hBN with the growth of triangular
monolayer islands with island edges misoriented from the lattice by 3 £ 1°[167]. This is also true for
the formation of the CA.M structure on HOPG substrates as demonstrated by Zhang et al., who found
that a moiré period for CA.M on graphite consistent with a misorientation of 1.4° between the two

lattices [111].

The alignment of islands of deposited material is preferable for the formation of complete monolayers
with minimal defect presence. Misalignment is conducive to the production of grain boundaries as
islands expand into each other, as was described for hBN material in Chapter 5. Initial depositions of
the CA.M and PTCDI layers onto clean HOPG substrates exhibit similar, yet distinct, morphologies to
those observed on hBN substrates. Figures 7.1 a) and b) depict CA.M and PTCDI depositions carried
out on HOPG substrates with methods identical to that used for the hBN substrate [167,169]. For the
deposition of the PTCDI the substrate temperature was held at 50°C during growth. PTCDI islands

shown in Fig. 7.1 b) are needle-like with a definite preferred direction, similar to that observed on
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Figure 7.1 —Images a) and b) are topography images, obtained with tapping-mode AFM, of HOPG substrates
on which a CA.M or PTCDI deposition has been performed, respectively. Scale bars for these images are 100
nm and 500 nm, respectively. The CA.M and PTCDI monolayers are identified by the height difference
measured between the monolayer and the graphite surface, as depicted in the profiles shown in c) and d).
Orientations of the PTCDI islands relative to the vertical axis of a larger image of this region were collated
and a histogram of these orientations is presented in e). A non-uniform distribution of orientations is
obtained, which conforms approximately with six peaks separated by 30°. This can be explained by the
hexagonal symmetry of the graphite lattice, implying the substrate has had some influence on the formation

of the PTCDI islands.
hBN. On hBN substrates the ratio of the minor to major island dimensions were consistently found to
be 0.15 + 0.06 independent of the growth substrate temperature [169]. The islands observed of PTCDI
observed on HOPG instead exhibit a minor to major ratio of 0.37 £ 0.07. The PTCDI islands on HOPG
additionally exhibit a different distribution of orientations to that previously observed on hBN. Islands
on hBN were found, in the doctoral thesis of Dr James Kerfoot, to prefer one of nine directions, each
separated by approximately 20° [169]. On graphite, as presented in Fig. 7.1 e) six dominant
orientations are observed. These six orientations, separated by ~30° could correspond to
crystallographically significant directions of the underlying graphite lattice. In addition to the
monolayer islands of PTCDI, some aggregate material has accumulated on the graphite around steps

on the surface, seenin Fig. 7.1 b) as bright spots in the image. The intended coverage of the deposition,
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with the average thickness of deposited material measured by QCM, was for 0.3ML of PTCDI. The
measured monolayer coverage was ~15%, with some of the remaining material accumulating into the
aggregate structures. The CA.M deposition, an image of which is present in Fig. 7.1 a), appears to have
deposited a near-complete monolayer of the CA.M network with an immersion time of 60 s,
comparable to that expected from a deposition onto a hBN substrate. In Fig. 7.1 a) a profile has been
taken covering two steps in the surface, which has been displayed in Fig. 7.1 c). The step on the left,
between the CA.M monolayer and the exposed HOPG, was found to have a height of 0.27 £ 0.03 nm.
The step on the right, leading up to the bright region in the image, is believed to cross onto a step in
the HOPG with a complete CA.M monolayer. The height of this step was measured at 0.73 + 0.03 nm,

which is consistent with a bilayer step in the graphite with a CA.M monolayer grown above it.

Depositions of PTCDI on CA.M on hBN substrates were carried out by Kerfoot et al. [170]. On the hBN
substrate a PTCDI deposition onto the CA.M layer results in the formation of needle-like islands
oriented along three directions oriented with 60° angular separations. The photoluminescence
spectrum of the resulting CA.M/PTCDI structure on the hBN surface differs from that of PTCDI
deposited directly onto hBN. Namely, the 0-0 transition peak is shifted by ~0.045 eV due to the
presence of the CA.M layer. This shift could be understood as caused by one of several mechanisms,
as described by Dr James Kerfoot in his doctoral thesis. The presence of the CA.M layer on the hBN
may change the polarizability of the substrate, or changes in the refractive index of the substrate could
lead to a reduction in the screening of on-surface transition dipole moments. As was described earlier
the luminescent spectral response of the PTCDI is expected to be quenched by the HOPG such that

the 0-0 peak and potential shift would not be observed.

In Figure 7.2 a topographic AFM image and associated analyses from the successive depositions of
CA.M and PTCDI onto a HOPG substrate are presented. The CA.M layer was deposited by immersion
in a solution of cyanuric acid and melamine, described in Section 7.2, with an immersion time of 60s

and a resulting monolayer coverage of ~90%. The PTCDI was deposited with an intended coverage of
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Figure 7.2 — A topography image is presented in a) with a scale bar of 200 nm of the surface of a graphite
substrate on which CA.M and PTCDI have been deposited. The CA.M monolayer has covered the majority of
the surface. Green arrows point to darker regions, believed to be exposed HOPG. The needle-like islands of
PTCDI have deposited both directly onto the HOPG substrate and onto the CA.M surface, which is
highlighted in b). In image b) material with a height of 0.45 nm above the HOPG plane has been coloured
yellow, while that with a height of 0.65 nm is shown in green. From this can be seen that the height of the
PTCDI islands appears to vary by the observed height of the CA.M layer. A profile is presented in c) taken
along the red line in a) showing the different heights of the materials on the surface. The orientations of the
islands relative to the vertical have been collated and presented in a histogram, presented in d), showing
that the PTCDI aligns are highly aligned along three directions. The image in e) and corresponding profile in
f) are provided to show an island of PTCDI on HOPG and one on CA.M directly adjacent. In the topography

image the former appears darker, and it is confirmed to lie directly on HOPG using the profile in f).

0.3ML, as measured with a QCM during growth. The coverage measured with AFM comes to 27%,
comparable with the intended deposition. Needle-like islands of PTCDI have formed on the HOPG and
CA.M surfaces, which are highlighted in yellow and green in Fig. 7.2 b). The height of these islands on
the surface varies between and often along the islands, as has been identified by the coloration in Fig

7.2 b) with the yellow regions reaching heights of 0.45 nm and the green of 0.65 nm. As this difference
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in height is equal to the thickness of the CA.M monolayer identified by the profile in Fig 7.2 c) this is
assigned to PTCDI islands residing directly on the HOPG, or on the CA.M monolayer, respectively. Due
to the near complete monolayer presence of the CA.M the growth of the PTCDI on and off the CA.M
monolayers may arise from displacement of the CA.M molecules as a result of a greater affinity for

the HOPG substrate for the PTCDI than that of the CA.M layer during the growth process.

In Fig. 7.2 d) the orientations of the PTCDI islands in a) have been collated and presented as a
histogram. The orientations of the islands are observed to align along three dominant directions,
separated by rotations of 60°. This distribution is consistent with a strong influence of the CA.M
network on the accumulating PTCDI islands during growth. Whether the PTCDI material is aligned with
armchair or zigzag orientations of the HOPG or the CA.M lattices cannot be inferred from the data.
However, comparison to the depositions of the separate materials on the HOPG substrate shows that
the presence of the CA.M monolayer has caused a reduction in the number of preferred orientations
of the islands from six to three. This reduction is significant as it implies the selection of a single
preferred crystallographic direction for the PTCDl islands, influenced by the CA.M network. The aspect
ratio of the islands is also altered by the CA.M monolayer, measured at 0.28 + 0.05, whether the
material has deposited on the CA.M monolayer or adjacent to it, as depicted in Fig. 7.2 b). Comparing
Figures 7.1 b) and 7.2 a) the presence of the CA.M layer encourages a more uniform distribution of
the PTCDI material. That is the aggregates of PTCDI material are not observed in the AFM images when
CA.M is present, and the observed coverage of 0.27 ML is much closer to the deposited quantity of

material than the 0.15 ML observed in the absence of the CA.M layer.

7.4 Deposition of the CA.M and PTCDI Monolayers on HOPG/hBN Substrates

With the demonstration of hBN monolayer formation on HOPG via MBE, as described in Chapter 4, it
has become possible to investigate the deposition of these molecular layers on epitaxial combinations

of HOPG and hBN. Differing chemical properties of the graphite and hBN lattices, such as the
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Figure 7.3 — A topographic images of the surfaces of hBN/HOPG substrates after a PTCDI deposition. In the
image in a) the scale bar represents 400 nm and PTCDI material appears to have deposited in a less
structured form to that observed previously on HOPG. The PTCDI material is not observed to have grown on
the hBN monolayer, preferentially forming solely on the HOPG where it has been indicated by the profiles.
A hBN monolayer running vertically down the centre of the image does not appear to have accumulated any
material during the PTCDI deposition. Two profiles from a) are presented in b) showing that the height of
the deposited molecular layer is consistent with the previously identified height of the PTCDI monolayer as
was also seen in Fig. 7.2.

polarization of interlayer orbitals, can be expected to result in changes to the accumulation of the
deposited molecules. For example, the surface of graphite is known to be hydrophilic when clean, but
quick to accumulate a thin layer of hydrocarbon material upon exposure to ambient air, rendering the
surface hydrophobic [171]. These properties will influence the deposition of molecules from solvents,

such as the molecules of the CA.M network.

In Figures 7.3 and 7.4 the results of independent depositions of CA.M and PTCDI on separate
hBN/HOPG substrates are presented. Observations of the surface after these depositions show
significant changes to the behaviour of the growing molecular layers between the hBN and HOPG, and
between these substrates and the pure HOPG substrates. In Figure 7.3 a) a topographic image of a
PTCDI deposition on hBN/HOPG is depicted. The PTCDI material has only accumulated on the graphite

surface. The material has not deposited in the needle-like islands previously observed, but has instead
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Figure 7.4 - A topographic image is presented from a hBN/HOPG surface after a CA.M immersion deposition
of 60s with a scale bar of 200 nm. A monolayer of material is observed to have formed on the hBN surface,
identified. Material has also deposited on the HOPG surface, though the layer is rougher with a RMS
roughness of 56 + 7 pm compared to 40 + 6 pm for the material on the hBN. This surface roughness may be
a result of the presence of amorphous CA.M material. Two profiles are depicted in b) and c) respectively. In
b) step height from the CA.M/hBN surface onto the HOPG is shown. The height difference shows that the
CA.M layer is terminating at the edge of the hBN. The profile in c) shows a step between a CA.M layer on
hBN and the adjacent exposed hBN step. In d) the small region dictated by the yellow square in a) has been
enlarged to highlight positions on the hBN surface with and without the CA.M monolayer.

grown as large islands lacking in regular form. The height of the PTCDI layer is consistent across this

surface and with the 0.35 nm height of the monolayer from previous depositions.

Figure 7.4 a) provides a topographic AFM image from the surface of a CA.M/hBN/HOPG sample. In Fig.
7.4 d) a region highlighted in yellow from the image in a) has been enlarged to show an area of the
hBN monolayer on which the CA.M has deposited, with a hole in the CA.M layer exposing the hBN
material beneath. As can be observed from this image the CA.M material has accumulated in a near-
complete monolayer on the hBN epilayers. The profile shown in Fig. 7.4 c) shows the height of the
accumulated monolayer is 0.30 £ 0.04 nm. The layer on the hBN differs from the material accumulated

on the HOPG layer, which exhibits a relative increase in roughness from 40 + 6 pm to 56 + 7 pm
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compared to the CA.M material on the hBN, implying the cyanuric acid and melamine molecules have
deposited into an amorphous layer on the HOPG. The profile in Fig. 7.4 b) shows a height difference
between the CA.M/hBN layer and the HOPG terrace of 0.53 + 0.08 nm. As the hBN layer is of
monolayer thickness and the thickness of the CA.M on the hBN has been identified as 0.30 nm this
could imply that there is no material layer on the HOPG, which contradicts the conclusion drawn from
the roughness of the HOPG surface. For both CA.M and PTCDI depositions on the hBN/HOPG
substrates the accumulation of the growing layers has differed from that on HOPG substrates. The
lack of PTCDI material on the hBN surface shows a greater affinity for the HOPG substrate and that
molecules of PTCDI have thermal energy great enough to migrate from the hBN onto the HOPG during
growth. The deposition of CA.M on the hBN monolayer has resulted in a complete monolayer
separated by a single monolayer of hBN from the HOPG. As identified by the thickness of the hBN and
CA.M material step onto the HOPG terrace it does not appear that any CA.M material has accumulated
on the HOPG. Preferential accumulation of CA.M onto the hBN of the hBN/HOPG substrate, despite
formation of a monolayer on the HOPG substrate, may arise due to differences in the relative
hydrophilicities of hBN and graphite, or from migration of deposited molecules. Greater hydrophilicity
of hBN during the immersion deposition encourages contact of the depositing molecules to the hBN
layer, which could result in the lack of material observed on the graphite. The hydrophilicities of these
surfaces are known to vary as a result of ambient exposure, so the relative hydrophilicities are not
simply obtained [172,173]. Alternatively, migration of the CA and M molecules before accumulation

into the network, and an energetic preference for the hBN substrate, could achieve the same effect.

Successive depositions of CA.M and PTCDI onto the same hBN/HOPG substrate show regular growth
of the molecular monolayers of both networks on the hBN epilayers. As seen in Figure 7.5 a) needle-
like islands of PTCDI are observed on the hBN surface, while these islands are not present on the
exposed HOPG. As noted previously, without the CA.M layer no PTCDI accumulation was observed on
the hBN monolayers, so it appears that the presence of the CA.M monolayer has influenced the
deposition of the PTCDI onto this surface. The orientations of these PTCDI islands have been collated,
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as previously, and are shown in Fig. 7.5 c). The results show three dominant peaks in the island
orientations relative to the vertical, separated by 60° rotations. This orientation distribution is
identical to that of PTCDI templated by CA.M on HOPG. It therefore appears that whether the PTCDI
is deposited directly onto a HOPG or hBN/HOPG surface the islands can be templated by the presence
of an adjacent CA.M monolayer. In addition, the presence of the CA.M monolayer on the hBN of the
hBN/HOPG substrate promotes the growth of the PTCDI monolayer islands, where the PTCDI islands
would not otherwise have accumulated. Profiles taken across PTCDI islands in these samples show

that some material has deposited directly upon the hBN, and some atop the CA.M layer, similarly to
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Figure 7.5 — A topographic image and analysed data from the surface of a hBN/HOPG sample on which CA.M
and PTCDI have been deposited is presented. In the image presented in a) a hBN step on which the two
molecular layers have accumulated is shown with an exposed HOPG terrace beneath it, with a scale bar of
100 nm. hBN epilayers grown extending from HOPG steps now exhibit a near-complete monolayer of CA.M
and thin islands of PTCDI. A profile from this image is shown in b), taken across a PTCDI island on the hBN
layer. The height of the layer is comparable with PTCDI that has accumulated adjacent to the CA.M layer, as
opposed to atop it. The histogram in c) shows three prominent peaks in the collated orientations of the
PTCDI islands. These peaks separated by 60° are consistent with the influence of the CA.M layer as noted
before, though on a hBN monolayer rather than HOPG substrate. The diagram in d) is presented to show
the current understanding of the structure on the surface after the final deposition. The material
accumulated on the HOPG is not presented as the composition is unknown. In e) a PL spectrum from the
surface is presented with non-zero observed intensity for two of the expected peaks from a PTCDI
monolayer. The peak intensity is weak compared to the background noise of the system, likely as a result of

the remaining quenching from the HOPG material.

the behaviour of the deposition of the two molecules on the HOPG substrate. Previously, it was
observed that the nearby HOPG substrate encouraged migration of the PTCDI molecules away from

the hBN, which has been remedied by the deposition of CA.M prior to the deposition of the PTCDI.

In Figure 7.5 e) the results of a PL measurement of the surface are presented. All of the previous

samples presented here exhibited no luminescence peaks in the investigated wavelength range. The
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intensity of the PL spectra is still much weaker than that observed from monolayer PTCDI deposited
on a hBN substrate. This is consistent with a reduction in the strength of the quenching from the HOPG
surface. Kasry et al. have established the separation dependence of the quenching effect from
graphene on molecular fluorophores [168]. The metallic nature of graphite, as opposed to the semi-
metallic nature of graphene, means the results of this study are not one-to-one transferable to this
work. Yet, a dependence of the quenching on the separation of the PTCDI from the graphite surface
remains a feasible explanation for the increased intensity of the PL spectra from this sample. The
dominant peak of the PTCDI PL spectrum is at 2.214 eV on hBN and is attributed to the 0-0 transition
[169]. Previous studies have observed a blue-shift of this peak for PTCDI on CA.M/hBN of 0.045 eV.
The peak observed in Fig. 7.5 e) corresponds to 2.212 eV, closer to that of PTCDI deposited directly on
hBN that that on CA.M. The heights of PTCDI islands atop the hBN epilayers show that some islands

have formed atop CA.M and some adjacent to it.

7.5 Summary

Growth of CA.M and PTCDI molecular monolayers on HOPG substrates has been performed. PTCDI
islands similar in appearance to that observed on hBN substrates were observed, with a small change
in the aspect ratio of the islands. Differences in the growth of CA.M and PTCDI molecular monolayers
on graphite surfaces dependent on the prior growth of hBN were observed. The presence of the hBN
epilayers encouraged formation of CA.M monolayers on the hBN, while PTCDI islands appear to have
migrated to the HOPG surface during growth. Successive growth of CA.M and PTCDI on the hBN/HOPG
substrates has been shown to result in a vertical heterostructure of CA.M/PTCDI on the hBN epilayers.
This results in a reduction of the quenching of the photoluminescence spectrum, implying the
potential for control of the photo-emissive properties of the PTCDI with control of the hBN thickness.

CA.M has been shown to be necessary for the accumulation of the PTCDI islands on the hBN.
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Further studies on the depositions of these molecules in the formation of supramolecular networks
incorporated into van der Waals heterostructures should evaluate the changing impact of graphite-

induced quenching as the thickness of the separating layer is increased.

142



Chapter 8 - Summary

8.1 Summary of Work

The growth of monolayers of van der Waals materials is of current interest as a means of producing
electrical and optical components on scales down to the monolayer. hBN and graphene have
previously been identified as excellent candidates due to their differing electronic properties and
similar lattices. In this thesis the growth of these materials and the formation of lateral
heterostructures of the same were investigated. Proving the successful production of these
heterostructures using MBE opens the possibility for further lateral heterostructure studies in future

works.

In Chapter 4 an investigation into the high-temperature molecular beam epitaxy (HT-MBE) growth of
hBN on a graphite surface was produced. Samples of hBN on HOPG substrates were grown with a
range of substrate temperatures and growth times. The morphology of the hBN/G surfaces were
analysed with tapping-mode and conductive-mode AFM. Any dependency of the properties of the
hBN monolayers and BN aggregates on substrate temperature and growth times were investigated

and suggestions for optimal growth properties identified.

Higher growth temperatures were shown to reduce aggregate formation and sheet growth. Minimal
aggregate formation was observed on hBN/G samples produced at 1390°C with non-trivial hBN sheet
presence. The morphology of the hBN domains was observed to depend upon growth temperature,
with an observed transition between triangular and hexagonal islands of hBN with increased substrate
growth temperatures from 1080°C to 1390°C. The island shapes arise from the dominance of certain
edge directions during the growth, with zigzag edges leading triangular islands and armchair to
hexagonal. The transition between island shapes was hypothesised to depend on the relative
prevalence of the B and N constituent material, which may vary with substrate temperature during

growth. Different height steps on the graphite surface were observed to exhibit markedly different
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hBN sheet growth, with increased aggregate formation at multilayer steps and an associated increase
in the presence of hBN sheets nucleated from the upper half of the step. The temperature-dependent
MBE growth of hBN shows that edge direction of islands can be selected for. Simultaneous control
over the presence of aggregates via an increase in temperature shows a path towards the fabrication

of complete monolayer hBN material on the HOPG substrate.

In Chapter 5 a new source of carbon for the HT-MBE of graphene was investigated with comparisons
made to earlier sources. The two earlier sources separately consisted of a sealed Ta tube filled with
powdered carbon through which atomic carbon migrates before emission and a simple graphite
filament which underwent Joule heating to produce the carbon beam. In this Chapter a carbon source,
which operated with an e-beam directed into a crucible filled with carbon to produce a beam of

material, was considered as an alternative for the reliable production of monolayer graphene.

This source was observed to produce reliable results of complete monolayer coverage of graphene on
the hBN surface. Aggregate material was primarily clustered on cracks in the hBN substrate flakes,
leaving hundreds of nanometres to micron-scale clean sheets of graphene. Moiré periods greater than
the 13.9 nm unstrained maximum were observed in some of the resulting material. This was assigned
as accumulated strain that may have accrued due to the different thermal expansion coefficients of
hBN and G during the cooling after growth. This was observed in only some areas of the samples
possibly due to the necessity for nearby pinning sites, the role here filled by aggregate clusters, or due
to loss of strain by the formation of cracks in the monolayer. Carbon aggregate material was analysed
with Raman spectroscopy and has been assigned to a graphitic composition as opposed to an
amorphous composition, similar to the aggregates produced by the graphite filament source. The
consistency of the produced graphene was identified as sufficient to begin studies on the production
of lateral heterostructures comprising MBE-grown graphene and hBN. The accumulation and

retention of strain post-growth is of potential interest as a result of the hypothetical opening of a
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bandgap in the material. The subsequent formation of electrodes on the surface in future would allow

for the investigation of the non-uniform strain distributions and the impact on band structure.

Following on from the previous Chapter 2D lateral heterostructures of graphene and hBN were
investigated. The similarities of the two lattices were expected to result in low defect density
heterojunctions and minimal 3D growth. The deposited lateral heterostructures compare favourably
with similar structures produced by CVD in previous studies. For example, subsequent ribbon growths
were shown to nucleate from previous ribbons, a property favourable for minimising the formation of
defects at interfaces. As the substrate temperature selected for the hBN growth was that considered
preferable for minimising aggregate growth in Chapter 4 all hBN material was form with armchair
edges, leading to hexagonal islands. Graphene islands were observed to show edge directions
following that of the hBN material from which they nucleated, with zigzag edges forming at corners of

the hBN hexagons.

The demonstrated multistep fabrication of alternating 2D materials on the HOPG substrate provides
a pathway for the controlled fabrication of more complex hBN/G heterostructures, such as a periodic,
lateral hBN/G superlattice. Small period lateral superlattices of G/hBN have been predicted to exhibit

high thermoelectric conversion efficiencies, while remaining compact for potential 2D devices.

Depositions of supramolecular monolayers have previously been carried out on the hBN surface.
Molecules such as PTCDI have been shown to form reliable structures templated by the hBN lattice
and exhibiting a distinct photoluminescent spectrum. A graphite substrate was selected for this thesis

to investigate the changes in the growth morphology arising from differing surface properties.

Islands of PTCDI were seen to form on graphite in a similar manner to that observed on hBN substrates.
The minor/major dimension ratio of the islands was seen to be greater than that on hBN, and the PL
spectrum of the molecules could not be observed. This was a result of the strong quenching effect of
the graphite substrate on nearby fluorophores arising from its metallic properties. Growth of a

CA.M/PTCDI vertical heterostructure was shown on the HOPG/hBN substrates produced in Chapter 6.

145



The separation of the PTCDI from the graphite reduced the intensity of the graphite-induced
guenching and increased the intensity of the PL spectra, with a non-zero 0-0 peak observed from the

PTCDI.

Van der Waals heterostructures consisting primarily of hBN, monolayer graphene, and graphite, were
investigated. The growth of G and hBN with MBE on substrates of hBN and HOPG, respectively, were
carried out and the resulting monolayers were studied primarily with AFM. The reliability and quality
of the growth processes were investigated and some suggestions made for the formation of lateral
heterostructures of these materials. Depositions of CA.M and PTCDI supramolecular networks were
also carried out and show morphologies similar to those on hBN flakes for the hBN on graphite

surfaces.

8.2 Future Work

Control of hBN edge direction as identified in Chapter 4, and the fabrication of edge aligned graphene
in Chapter 6 provide the means to explore graphene nanoribbons with selected edge direction and
controllable width. Other works on the edge states of graphene nanoribbons have shown that clean
hBN interfaces preserve many of the interesting properties of zigzag edge, and this work shows that
nanometre-scale orientation of the edges can be controlled by the growth system. However, the
quality of the graphene ribbons must be more precisely determined, as it is known that perfect zigzag
ribbons without misorientation along the length of the ribbon, are difficult to produce. To allow for
strict comparison with theoretical study atomic resolution of the interface should be obtained, such
as may be available from low-temperature STM study. Further to this the transport and paramagnetic
properties of these ribbons should be established. To accomplish this transfer of the top layer of the
grown G/hBN heterostructure from HOPG to an insulating substrate is necessary, or the alternative

growth onto some insulating substrate.
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Lateral heterostructures of graphene and hBN have been demonstrated to grow when alternating the
material deposition. The formation of an enclosed ribbon of graphene via G/hBN and hBN/G interfaces
shows the potential for the fabrication of 2D superlattices with controllable geometry. The fabrication
of a G/hBN superlattice thermoelectric (TE) device requires fabrication, transfer, and measurement.
With the possibility of fabrication shown the next step in the process requires a methodology for the
transfer of produced material to an insulating surface and the subsequent fabrication of electrodes. A
first attempt at this might rely on a polymer-based transfer using materials such as PMMA to

selectively lift the uppermost layer. However, a polymer-free transfer method would be preferred.

Quenched molecules see use in detectors where the observation of emissions with fluorescence
microscopy can inform on the state of the fluorescent system. Here, it was observed that the
qguenching of PTCDI molecules was mitigated by separation from a graphite substrate by the presence
of a bilayer structure of monolayer hBN and CA.M. This could see potential as a metric for the
measurement of contaminant accumulation of graphitic surfaces, though further study on the impact
of separation on fluorescent intensity via the growth of hBN or CA.M multilayers will be necessary to

identify the cause of the dependency.
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Appendix | = XPS of hBN on HOPG Samples

Sample Temp (°C) B (1s) % C(1s) % N (1s) % O(1s)% | Si(2p)% | B:N Ratio
1250 0.64 97.52 0.73 1.02 0.09 0.88
1250 2.23 94.01 2.91 0.77 0.07 0.77
1250 3.62 90.21 4.84 1.15 0.18 0.75
1080 2.15 94.59 2.67 0.54 0.06 0.81
1390 0.69 97.49 0.90 0.89 0.04 0.77
1520 0.30 97.78 0.56 1.22 0.06 0.54

Table 1 —X-ray photoelectron spectroscopy data taken from the samples presented in Chapter 4 is presented

as the fractions of each sample consisting of the identified elements. Data was taken at the surface of each

sample, where the large terraces of exposed HOPG can be seen by the large C percentage.
Wide-scan XPS surveys of the hBN/HOPG samples were obtained to identify any chemical
contamination of the surface. Displayed here are the atomic percentages corresponding to the most
significant constituent elements. Predominantly, the responses correspond to the expected surface of
boron (1s) — nitride (1s) at a roughly 1:1 ratio and to a high carbon (1s) content. A B/N ratio ~0.8 on
average is explained as an error introduced in the method used to obtain the atomic percentages. The
sensitivity factors used to establish the percentages were taken from bulk hBN. In the bulk the
photoelectrons sample different depths due to their different kinetic energies. In the thin films
produced here the lack of depth sampling leads to a bias towards the lower kinetic energy peaks in
the final percentages. Some contamination from oxygen (1s) and a small presence of silicon (2p) are

also identified.

To obtain these measurement hBN samples were mounted on standard sample bars with copper clips
and analysed with a Kratos AXIS ULTRA with a mono-chromated Al ka X-ray source (1486.6eV)
operated at a 10 mA emission current and 12 kV anode potential (120 W). Wide scans at pass energy
80 eV and high-resolution scans at pass energy 20 eV were acquired on each sample at three positions.
The analysis area was approximately 300 x 700 um?. The analysis chamber pressure was lower than 8

x 10-9 Torr. The peak areas in the wide scan data can be used to calculate the elemental atomic
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Figure A1.1 — A wide scan spectrum from the surface of sample Ill as defined in Chapter 4.1. Peaks in the
spectrum correspond to the binding energy of electron orbitals specific to elements present near or on the
surface of the sample. The peak at 284.8 eV corresponds to the 1s carbon orbital and has been used to
calibrate the spectrum. The dominance of this peak in the spectrum arises due to the high prevalence of C-
C bonds in the graphite surface. The remaining peaks correspond to B, N, O and Si elements present in the

surface.
percentages using Kratos relative sensitivity factors (RSFs), with no applied charge correction. Data
processing was carried out using 2 CASAXPS software (www.casaxps.com) with Kratos sensitivity

factors (RSFs) to determine atomic percentages values from the peak areas.

Figure Al.1 exhibits a wide scan spectrum of the Sample Ill as defined in Chapter 4.1. Several peaks
can be observed in the spectrum corresponding to the elements C, B, O, N and Si. The dominant peak
observed at ~285 eV is that of the C 1s orbital in an sp2 hybrid-rich environment. A significant
background response observed to the left of this peak in the spectrum is a result of inelastic scattering

of electrons ejected from predominantly these C 1s orbitals.
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Figure A1.2 — Three intensity versus binding energy spectra are presented showing peaks corresponding to
the N 1s, C 1s, and B 1s orbitals, respectively. The positions of the peaks are 398.1 eV, 284.5 eV, and 190.5
eV, respectively, though the C 1s orbital was set to this value as was expected during calibration of the
spectra.

In addition to the wide scans higher resolution scans of the spectrum around N 1s, C 1s, and B 1s peaks
were obtained. Three of these scans, all corresponding to sample lll, are presented in Figure A1.2. The
N 1s peak, as shown in Al.2 a), is observed at a position of 398.1 eV, which is expected for N in a
boron-rich environment. In A1.2 c) the B 1s peak is observed at 190.5 eV, the position expected for B
in an N-rich environment. As a result we concluded that the sub-monolayer of material grown on our
graphite samples was boron nitride. Figure A1.2 b) covers the range of C 1s binding energies exhibited
by carbon atoms bonded with sp2 and sp3 hybridized orbitals, that is 284.5 eV to 291.4 eV. A low
intensity peak at 291.4 eV may be present in the data, though the intensity is such that it is inseparable

from the background noise with any reasonable accuracy.

150



Appendix Il — List of Publications

Wrigley J, et al. Epitaxy of boron nitride monolayers for graphene-based lateral
heterostructures. 2D Mater. 2021 8 (3) 034001

Thomas J, Wrigley J, et al. Step-Flow Growth of Graphene-Boron Nitride Lateral
Heterostructures by Molecular Beam Epitaxy. 2D Mater. 2020 7 (3) 035014

Davies A, Wrigley J, et al. Lattice-Matched Epitaxial Graphene Grown on Boron Nitride. Nano
Lett. 2018 18 (1) 498-504

Amin S, Wrigley J, et al. Redox-active hierarchical assemblies of hybrid polyoxometalate
nanostructures at carbon surfaces. Inorg. Chem. Front. 2022 9 1777-1784

Peluso L, Wrigley J, et al. Sub-Molecular Resolution Imaging of P3HT:PCBM Nanostructured
Films by Atomic Force Microscopy: Implications for Organic Solar Cells. App. Nano Mater.

(Accepted for publication: 31/05/22)
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