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Abstract

This thesis discusses the growth of graphene on hexagonal boron nitride (hBN) by high
temperature molecular beam epitaxy (MBE) with three different carbon sources: a
carbon filament, an atomic carbon source consisting of a thin Ta cylinder and an e-
beam source. The flakes were transferred into sapphire wafers previously to graphene
growth in order to serve as a refractory support. Graphene layers grown with the
different sources present common features but also significant differences which are

discussed.

Full graphene monolayers are investigated using atomic force microscopy (AFM),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and conductive AFM.
Samples exhibit hexagonal Moiré patterns with periods that tend to increase with the
substrate growth temperature from ~14 nm, corresponding to rotationally aligned
graphene on hBN, to much larger periods ~75 nm. Shifted Raman peaks, obtained from

these areas indicate that the graphene is under tensile strain.

Moreover, at the highest temperatures ~1700 °C, we observe domains where graphene
and hBN are lattice matched and the hexagonal boundaries of the Moiré patterns
become Frenkel-Kontorova walls that run along principal crystal axes and terminate
at lattice defects. Previous theoretical studies indicate that graphene lattice matched to
hBN exhibits a small ~50 mV gap due to inversion symmetry breaking of the two
atoms in the unit cell of graphene. Conductive AFM measurements obtained at these
Frenkel-Kontorova walls and at the areas between them, which we presume are lattice
matched, show a lower conductance at the latter compared to the former which is
consistent with the opening of a small bandgap.

These results represent new approaches to the introduction of strain in graphene as
well as the possibility of local modification of its electronic properties which may be

useful for the fabrication of graphene devices.

The deposition of hexacontane (CeoH122) on hBN is also studied in chapter 7. We
observed lamellar structures similar to that formed by alkanes on graphite. The
orientation of the molecule with respect to the hBN lattice was also studied by

obtaining high resolution AFM images and computer simulations.
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1. Introduction

1.1 Introduction

In 2004, Geim and Novoselov isolated and identified graphene for the first time using
a tape exfoliation process®. Subsequently performed transport measurements on this
material. Since then, the remarkable properties? and potential applications of graphene
have attracted much interest®. Examples of interesting phenomena that have been
studied in graphene are: ambipolar field effect'; room temperature Quantum Hall
effect*® ; Klein tunneling®. Also, the one atom thickness of graphene allows its
electronic properties to be modified through the interaction with molecules’® or other
crystals on which graphene can be deposited or grown. For example, a gate electrode
can be used to shift up or down the Fermi level* or growth on Ni can disrupt the Dirac
cones opening a band gap®. In addition, graphene has stimulated interest in the study
of other 2D materials and the heterostructures that can be formed by stacking these
crystals®®. Previous to the work by Geim and Novoselov, Landau and Peierls had
argued that 2D crystals were thermodynamically unstable at any finite

temperatures!t12,

In this section, the most widely used fabrication techniques of graphene are discussed.
A significant effort has been made in developing high quality large scale synthetic
methods to grow graphene®®** as required for industrial applications. These methods
can be grouped into two main categories: top-down approaches and bottom-up
approaches. In general, the top down approaches consist of separating layers of
graphene from the bulk of graphite by overcoming the van-der-Waals forces that hold
them together, while bottom up approaches focus on forming graphene layers from
precursor molecules or individual carbon atoms. The most commonly used top down
approaches are mechanical exfoliation, electrochemical exfoliation and reduction of
graphite oxide. On the other hand, bottom up approaches like SiC annealing, growth
from metal-carbon melts and chemical vapour deposition (CVD) are the most common
methods to produce large area graphene.



The process of mechanical exfoliation begins by sticking a piece of adhesive tape onto
a block of graphite. Careful removal leaves several layers on the tape. By folding and
unfolding the tape several times the graphite crystals are split into increasingly thinner
flakes. Then the tape is put in contact with a SiO,/ Si wafer and carefully peeled off.
A few layers will stick on the surface where they can be observed with an optical
microscope'®. However, this method is extremely time consuming and is difficult to scale
up for industrial production. A variation of this method uses a three roll mill machine with
a polymer adhesive®, Instead of scotch tape, Polyvinyl chloride (PVC) dissolved in dioctyl
phthalate (DOP) is used as the adhesive. The surfaces of the moving rolls are in contact
with each other, so exfoliation occurs every time that the flakes pass between rolls. The
graphite flakes run in an inverted S curve from the feed roll to the apron roll, then turn back
towards the feed roll, leading to continuous exfoliation. The material from the rolls is
collected afterwards, submerged in alcohol and introduced in a furnace for 3h at 500 °C in
order to remove the adhesive mix. Another variation of mechanical exfoliation is ball
milling. This method has been used in particle size reduction for long time. In 2010 Knieke
et al.l” and Zhao et al.'® applied this technique to produce graphene in carefully selected
solvents: de-ionized water and sodium dodecyl sulphate (SDS) in the case of Knieke and
N,N-dimethylformamide (DMF) in the case of Zhao. Steel balls are used to exert a shear
forces on graphene layers which is consider as an excellent route for exfoliation of large-
size graphene flakes. Nevertheless, normal impacts applied by the balls can result in

fragmentation of large flakes which is an undesirable effect that should be minimized.

Electrochemical exfoliation is a more sophisticated process that uses ionic species to
intercalate between graphene layers where they react to form gases that through
expansion exfoliate graphene layers. Graphite flakes and platinum wires are
introduced into a H.SO4 aqueous solution®®. These play the role of anode, cathode and
electrolyte respectively. Then, a positive voltage of 10 V is applied between the
graphite flakes and the platinum wire. This bias results in the oxidation of water,
producing hydroxyl (OH-) and oxygen radicals (O-) initially at edge sites and grain
boundaries of the graphite electrode. Oxidation leads to opening of defective sites or
grain boundaries where intercalation of SO%~ anions occurs. These anions then react

to form gaseous SO, causing the separation of the layers.



Graphite oxide can be produced from graphite by exposure to strong oxidants.
Hummers and Offeman developed the most widely applied synthesis method in 1958%
by using a mixture of sulfuric acid (H2SO4), sodium nitrate (NaNOs) and potassium
permanganate (KMnQ4). A significant fraction of the sp?-bonded carbon network of
graphite is disrupted forming bonds with hydroxyl groups or participating in
epoxide groups?. Since graphite oxide is strongly hydrophilic, sonication in water
is enough to produce a colloidal suspension. Subsequent reduction can be performed
by chemical, thermal or ultraviolet assisted methods???3, Nevertheless, reduced
graphene oxide (rGO) contains residual oxygen as well as structural defects which
hinder carrier mobility. Full reduction of this layers, which is still a challenge?*, is
therefore an essential requirement to retrieve the carrier mobility of pristine

graphene.

The growth of graphene on SiC can be achieved by annealing at 1200° C. Due to the
higher vapour pressure of silicon compared to carbon, sublimation of Si atoms on the

SiC (0001) surface results in a higher concentration of carbon atoms in the surface?®.

Initially, a covalently bound carbon interface layer in the form of a (6v/3 x 6+/3 R30°)
reconstruction is formed?®?” which serves as a buffer layer for the epitaxial growth of
subsequent graphene layers. The number of graphene layers grown onto this
reconstruction can be precisely monitored by angle resolved photoemission
spectroscopy (ARPES) measurements. The interfacial layer, though responsible for
establishing epitaxial order between graphene and the substrate, also generates a strong
doping n~ 102 cm™2 shifting the Fermi level 420mV above the Dirac point?2°,
However, the intrinsic n-doping of the pristine graphene layers can be compensated by
depositing a molecular overlayer of a p-type dopant like F4-TCNQ *. It is also
possible to decouple the graphene from this interfacial layer by hydrogen

intercalation®®.

Single or multiple graphene layers can be grown from a molten phase of a metal. A
piece of graphite or powder is added to molten metal like nickel, copper or silvers?33,
This results in dissolution and saturation of carbon atoms in the melt. Then the
temperature is lowered which decreases the solubility of carbon. The excess amount
of carbon then precipitates on top of the melt. The floating layer can be skimmed or

removed after cooling by etching the metal. The sizes and thicknesses of graphene
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layers formed can be roughly tuned by adjusting the times of dissolution and carbon

formation.

Graphene grown by CVD was first reported on Ni and Cu substrates®*—¢ . Soon after,
the use of this technique was applied to a variety of metal substrates®*“3, The
properties of graphene can be altered depending on the strength of the interaction with
these substrates*. In the CVD process gaseous hydrocarbon species like ethylene or
methane are introduced into a chamber where they decompose into carbon radicals by
catalytic action of the metal substrate at temperatures ~1000 °C. Depending on the
solubility of carbon in the substrate, the radicals may be absorbed into the crystal and
segregate later towards the surface when the temperature is lowered, as it is the case
for Ni. Due to this process, multiple layers are typically formed on Ni. Also, since Ni
(111) has a hexagonal structure with a similar lattice constant to graphene, the two
crystals are lattice matched. On the other hand, Cu has a low solubility of carbon, so
the carbon radicals remain mostly in the surface. Therefore, after the first graphene
layer is formed, covering the Cu surface, there is no catalyst exposed to decompose
the hydrocarbons. This means that in this case, the growth is self-limiting, which
allows an easier growth of large areas of single layer graphene. In addition graphene
on Cu (111) forms multiple oriented Moiré patterns with different misorientation

angles indicating that graphene on Cu (111) is a weakly bound system.

In recent years Molecular beam epitaxy (MBE) has emerged as promising alternative
for wafer-scale production of graphene since it provides exact deposition rates and a
high control on the stoichiometry of the species involved. In addition, MBE does not
require the use of catalytic surfaces, which allows direct growth on a dielectric
substrate. The growth of graphene on hexagonal Boron Nitride (hBN) appears
particularly desirable given that hBN can act as a featureless dielectric substrate which
is useful in the study of the intrinsic physics of graphene, or under certain
circumstances can modify its mechanical and electronical properties. These
heterostructures are discussed with more detail in the section 2.3: Graphene on hBN

heterostructures.



1.2 Overview

Large area MBE growth of graphene on hBN had not been demonstrated until the
graphene Nottingham group started exploring growth temperatures above 1500°C.
Their earlier results showed complete coverage graphene layers with ~14 nm Moiré
patterns as previously observed by CVD. Moreover, in some cases graphene layers
displayed Moiré patterns of ~25 nm correspondent to tensile stresses up to 0.8% which
could be relaxed post growth raising the possibility of using hBN to control the strain

on graphene.

This thesis investigates further the growth of graphene on hBN flakes on Sapphire by
MBE at temperatures up to ~1800°C and provides evidence of the presence of tensile
stresses up to 1.8% in graphene. This enables both lattices to match and open a small
band gap in the electronic structure of graphene due to the inversion symmetry

breaking.

Samples were characterized with AFM although other techniques as Raman
spectroscopy or X-ray photoelectron spectroscopy (XPS) provide additional evidence.
Different carbon sources were used generating subtle differences between the layers
observed. The results are organized by growth sources starting with a filament source
in chapter 4 and following with an atomic carbon source and an e-beam source in

chapters 5 and 6 respectively.

The deposition of hexacontane, a long chain alkane, on hBN was also studied and is
included in chapter 7. In principle we considered hexacontane as a good candidate for
its use as protective layer during the transfer process of the hBN flakes covered in
graphene from Sapphire to SiO2. The use of Sapphire wafers as support material is
required given the high substrate temperatures used during MBE growth.
Unfortunately, this approach was not successful, and we focused on studying the
deposition of this molecule on hBN with AFM which had not been done previously.
Our images indicate that the molecules are oriented in parallel to the zig-zag direction
with their molecular axis parallel to the surface. We also describe other phenomena as
de-wetting of the molecules by applying heat post deposition or switching of the

molecules orientation during AFM scan.



2. Background

2.1 Electronic structure of graphene

Graphene is a two-dimensional sheet of carbon atoms arranged in a honeycomb
structure, with two atoms in a rhomboid unit cell (Fig 2.1). It can be considered as an
atomic plane extracted from graphene, as an infinite radius fullerene or as an unrolled

nanotube.

Figure 2.1: Top view of graphene crystal structure. The unit cell vectors are is indicated by the blue
arrows. Lattice constant is 2.46A.

Each carbon atom is covalently bound with three nearest neighbours through ¢ bonds
formed by sp?hybridized orbitals, separated by a distance of 1.42 A. These bonds are
extremely strong giving graphene remarkable structural properties such as a Young
modulus of ~1 TPa* or the capability of sustaining reversible tensile strains up to 25%
while silicon typically breaks at 1.5%. The orientations of these orbitals are mirror
imaged between the two atoms in the unit cell. This means that the two atoms in the

unit cell belong to two different hexagonal sublattices A and B.

Carbon atoms, which contain six electrons in the following electron configuration:
(1s5)?(2s)%(2p)? have two unpaired electrons in the outer 2p shell, but the energy
difference between the 2s and the 2p states is sufficiently small to allow an additional
electron to be excited from the 2s into the 2p shell. Hybrid states, consisting of a

superposition of s and p orbitals can then be formed with energies between the 2s and
10



the 2p states. A different number of hybrid orbitals can be formed. For example, in
diamond carbon forms 4 hybrid orbitals by using one s and three p orbitals, p,, p, and
p,. These are sp3 orbitals and have 25% s and 75% p character. These four orbitals
form covalent bonds with four neighbouring atoms allowing carbon to fill its outer
shell. In contrast, carbon forms two sp orbitals in acetylene (C,H,), with 50% s and
50% p character. One of these hybrid orbitals forms a covalent bond with hydrogen
while the other forms another covalent bond with the other carbon atom. The
remaining 2p orbitals form two additional covalent = bonds. In the case of graphene
or graphite, three sp2orbitals are formed, from one s, one p, and one p,, orbitals with
33% s and 66% p character. On the other hand, on each atom, an unhybridized half
filled p, orbital extends perpendicularly to the plane of atoms, overlapping with the p,
orbitals of the three neighbouring atoms. This delocalized orbital forms the = bands
which give graphene its interesting electronic properties.

The electronic structure of graphene, was described by Wallace in 1947 using a tight
binding model*. At that time, his studies of graphene were solely a starting point to
study the electronic properties of graphite given that graphene was considered a

thermodynamically unstable material.

From the unit cell vectors in real space we can obtain the Brillouin zone in k space

using the relationships:

azxXn n Xaq

b1=27T b2=27T

aq-(azxn) az (nxaq)

where a; and a, are the unit cell vectors of graphene and nis a unit vector
perpendicular to the graphene plane. With these two vectors we can construct the

Brillouin zone of graphene, shown in Fig 2.2.
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Figure 2.2: Brillouin zone of graphene, showing the main symmetry points.

Graphene has two-atoms in its unit cell so the wave-function has to be represented as
a linear combination of two wavefunctions, u, (k,r) and ug(k,r), corresponding to
sublattices A and B with amplitudes represented respectively by the A(k) and B (k)

coefficients:

Y, (r) = A)u, (k) + B(k)ugy (k, 1) 2.1)

The wave functions corresponding to each of the two sublattices, are in turn composed
by a superposition of atomic wave functions @, and g, centred on atoms belonging

respectively to the A and B sublattices:

1 N
ullor) = =) o™ p,(r = Ry)
i=1

N
1 .
uB(k’r) = \/_NZ elk(Ri‘l's) (pB(r — Ri — 6)
i=1

where 6 = (%, 0) is the displacement between the two carbon atoms in the unit cell

and N the total number of unit cells.
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If we introduce these two expressions into the Hamiltonian we obtain an expression
for the energy E (k):

E(k) = ftpk*ﬁ Y dr
E(k) = %Z?f]’-’ilei"mi"’eﬂ J(A* @4+ Bre *gr YH(Apa + Be®oqp)dr  (2.2)
with @ =@ (r —R;) , ppi=¢p( — R; — &§) and similarly for j.

Since the size of the layer is considered infinite when can extract the first sum in Eq
2.2. In addition, we can make the change of variable p; = R;—R; . With this we

obtain:
E(k) = yzle”“’i J(A @) + B e * gL YH (Apa; + Be™* g, )dr (2.3)
We can write this expression as a matrix:

Hyp HAB) (A (k)>

£ =050 (1 1) (g @)

For the diagonal terms we have:
Haa = X)-1e7™ [ s (r — p)H (pa(r)dr
Since we consider only nearest neighbors, p; = 0:

Hps = Zane ™ [ @i (r — ppH (@a(m)dr = [ (MH (@a(r)dr

We can represent the Hamiltonian A as a sum of the Hamiltonian of a single atom

H atomic and the perturbation from neighboring atoms AV:

Hpa= [ @3 (MH(@a()dr = [ @) (1) Haromic (@a(r)dr + [ @3 () AV (@4 (r)dr

HAA:EpZ+a :EO (25)
13



Similarly for Hgp:

Hpp= Ep,+ o = Eg (2.6)
For the off diagonal terms we have:
Hyp = Xnn e~ kpi=0) f ®a (T - p]-)ﬁ eiks(PB (r—38)dr
=1 (K @1 (NAV ¢ (r — &)dr =-f (k) t
Since the contribution from Hy,,.m:c in this case is equal to zero.

In order to calculate f (k) we can use Fig 2.3 which indicates the position of the

neighbouring atoms: (p; — &)

a 5 b Site pj—§6
1 (—%o)
2 Gv52)
a;  ag
: b

Figure 2.3: a) Schematic of nearest neighbours of atom B. b) Table indicating the position of nearest
neighbours.

With this we have:

ikxa (kxag  kyag (kxag kyag
FR) =S, e kero= o 5 1 (R E) ()

ikyag V3kxag

=e V3 +2e_i< 2 )cos (ky%) (2.7)

where ag is the module of the unit cell vector.
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Similarly, for Hg,:
Hpy = —t f(k)" = Hyp"

The Hamiltonian matrix then is:

_ Ey —tf (k)
H= (—tf(k)* E, ) (28)

Solving the eigenvalue equation of the Hamiltonian:

E=Eyxtyf(k) f(k) = Eoxt|f(k)|

We can set E, as a reference energy. Therefore E, = 0 and the previous expression

results in:

E =+t|f (k)| (2.9)
Given that:

f(k)* f(k) = 1+4cos (ky%) cos (@).chosz (ky%)

we can substitute this into equation 2.9 to obtain:

E(k) = itJl + 4cos (@) cos (kyzﬁ) + 4cos? (kyzﬁ) (2.10)

This expression indicates that there is a gap between the two bands except at the points

where f (k) = 0. For this, the conditions are:

Vs _ opr cos (K29 =172

kyaG
2

V§kxaG
2

or = (2n+ 1)m, cos (

) =1/2 withn=0,1,2,3...

15



The first choice is outside of the first Brillouin zone but the second falls exactly at the
K and K’ points. We can expand f (k) to first order around K and K’ points by defining
g = k - Karound q = 0. Omitting phase factors that do not affect any physical result,

we obtain:

fe@ =2 (g~ qy) 5 fro(@) =22 (ig, +q,)

With this, we have that the eigenenergies are:

V3t
E=+"—%q=1 hqug (2.11)

. V3ta 10°m
with q = /qxz +qy%, vp = th: .

The =+ signs correspond to the eigenenergies at the conduction (+) and valence (-)

bands. As equation 2.11 shows, the energy dispersion near the K and K’ points is
linear. Due to this linearity, charge carriers behave as massless Dirac fermions with

... 3t 10° . A . .
velocities vy = ‘/—2—:‘; ~ Tm The K and K’ points where this linear dispersion occurs

receive the name of Dirac points. In the vicinity of these points, the Hamiltonian takes
the form of the Dirac equation for relativistic fermions:

qx — iqy

HY = —ihv a-V‘I’zhv( .
F( ) F qx+le 0

)w _ Fy 2.12)
where vgis the Fermi velocity and the pseudospin ¢ = g, + g, is a vector of Pauli
matrices. The components of this pseudospin correspond to the amplitudes of the
wavefunction on each sublattice. In graphene the direction of motion is coupled with

this pseudospin. The eigenfunctions of this Hamiltonian are:

5

(2.13)

H+ o
D
N

sl -

with ¢ = arctan (Z—Z)
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Figure 2.4 shows the band structure of graphene. As previously discussed, the valence
and conduction bands are separated by an energy gap all along the Brillouin zone
except at the K and K’ points where they form Dirac cones that touch each other

exactly at the Fermi level (for undoped graphene), known as the Dirac point.

The pseudospin in graphene is restricted to the x-y plane since the two carbon sites
experience the same potential*’. Introducing a potential that is different on the A
sublattice than in the B sublattice generates diagonal terms in the Hamiltonian which
can result in a bandgap. This can be done by growing or mechanically placing

graphene on hexagonal boron nitride.

Figure 2.4: Electronic structure of Graphene. Inset shows one of the Dirac points with linear
dispersion. Extracted from [2].
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2.2 Hexagonal Boron Nitride

Boron nitride (BN) is an insulator with a ~5.97eV band gap*® composed of boron and
nitrogen atoms, which occupy respectively the first period of groups Ill and V in the
periodic table. In combination, boron and nitrogen have the same number of electrons
in the outer shell as carbon i.e. is isoelectronic to carbon. Therefore, BN can form
crystal structures analogous to those formed by carbon: Hexagonal BN (hBN) has o
bonds derived from sp? hybridized orbitals from both nitrogen and boron atoms, while
cubic BN (cBN) and the rare wurtzite BN (WBN) contain sp3 hybridized bonds. As
opposed to graphene, in hBN = bonding between the full 2p, orbital of boron and the
empty 2p; orbital of nitrogen does not occur since their orbital energies are too
dissimilar for an energy gain. This leaves no delocalized electrons and makes hBN an

insulator.

Figure 2.5: Top view of the hexagonal boron nitride crystal structure. The unit cell vectors are
indicated by the black arrows. Lattice constant is 2.504A.

Hexagonal BN has a honeycomb structure similar to graphite, where atoms in the same
plane are held to three neighbours by covalent bonds. The angles between bonds are
also 120°.

The fact that boron, nitrogen and carbon are so close in the periodic table is also
responsible for the small lattice mismatch between graphene and hBN. The hBN lattice
constant is a,gy= 2.504 A*°, which gives a relative mismatch & = (apgy — ag)/ ag =
0.018 . As in graphite, the planes of atoms are held together by weak van der Waals
forces that allow mechanical exfoliation of the crystal. It is worth noting that the

stacking of planes shown in Fig 2.6, although having the same AB order as in graphite
18



Bernal stacking, is slightly different. In graphite, half of the atoms in each ring lie on
top or below the center of the rings of the neighboring planes while the other half is
on top or below atoms in the neighboring planes. In the case of hBN, each N (B) atom
has a B (N) atom directly above and below in the neighboring planes. Hexagonal boron
nitride is highly thermally conductive, highly thermally stable (melting point 2973
°C), chemically inert and free of dangling bonds and surface charge traps, which make
it an attractive substrate for molecular deposition and crystal growth®-2. For
comparison, the thermal conductivities along its basal plane® at room temperature are
about 400 W(mK)~? similar to copper and silver. In addition, hBN has a high relative
permittivity®* (g in plane ~ 6.9 and & out of plane ~ 3.8) and a breakdown voltage (0.7 Vm™1)

which make it an ideal alternative dielectric substrate to SiO».

Figure 2.6: Side view of the crystal structures of hBN (left) and graphite (right) showing the stacking
of the different planes of atoms.

2.3 Graphene/hBN heterostructures

Hexagonal boron nitride was initially used in graphene-based devices as a low
interaction alternative dielectric to SiO2>°, which is amorphous. Surface disorder
breaks the 2D electron gas in graphene on SiO; at the Dirac points into an
inhomogeneous network of electron and hole puddles, charge carrier mobilities remain
below 15000 cm? Vst at RT. Randomly stacked graphene on hBN devices show

charge carrier mobilities of 60000 cm? Vst at RT*® or even 100000 cm?V-1s when
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graphene is encapsulated between two hBN crystals. This is almost an order of

magnitude higher than SiOo.

Scanning tunnelling microscopy (STM) images of the surface of graphene on hBN
revealed topographical long wave hexagonal modulations ©°1°2°¢  These
superstructures, known as Moiré patterns, emerge when lattices with different lattice
constant and/or alignment are placed on top of each other. A few examples of Moiré

patterns are shown in Fig 2.7.
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Figure 2.7: Moiré patterns formed by two superimposed hexagonal lattices. In (a) lattices aligned
with a 10% lattice constant mismatch. In the rest of the images the lattices have the same lattice
constant but are rotated (b) 5°, (¢) 10° and (d) 15°. Moiré vectors are indicated with black arrows.

The large period of the Moiré formed when graphene and hBN lattices are perfectly
aligned, ~14 nm, is due to the small fractional lattice mismatch between the two
crystals (6 =(apgy -ag)ag = 0.018). The Moiré period reduces very fast as the

rotation angle ¢ between the lattices is increased.

The Moireé period A depends on the rotational angle ¢ between the two lattices and the
fractional mismatch § as follows>®:

1 = (1+8)ag . 2.12)

(2(1+6)(1—cos¢p)+62)2

The rotation angle 6 between the Moiré pattern and the graphene lattice depends as

well on ¢ and 6 as follows:

. sin (¢)
tan 6 = (118) —cos(d) (2.13)
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Examples of G/hBN Moiré patters obtained by STM with different rotation angles
extracted from [56] are shown in Fig 2.8. A graph showing the dependence of the
Moiré period with the rotation angle between the two lattices can be found on Fig
2.8.d.
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Figure 2.8: a-c) STM topographic images showing 2.4 nm (a), 6.0 nm (b) and 11.5 nm (c) Moiré
patterns. Scale bars 5 nm. d), Superlattice wavelength A (black line) and rotation 6 (red line) as a
function of the angle ¢ between the graphene and hBN lattices. e) Experimental STM dl/dV curves
for two different Moiré wavelengths, 9.0 nm (black) and 13.4 nm (red). The dips in the dl/dV curves
are marked by arrows. Figure adapted from [56].

Graphene forms Moiré patterns on other crystalline substrates such as HOPG®’, SiC%8,
and a series of transition metals* with different periodicities and orientation. On most
of these transition metal substrates more than one configuration has been reported. In
general, the number of possible configurations decreases with the strength of the
interaction between graphene and the metal. Extreme examples of this trend are Ir,
where graphene interacts only through weak van der Waals forces and six different
Moiré orientations are found®®, and Ru, where the strong interaction between the two
lattices, with partial interfacial C-Ru bonds, allows only one configuration, with both
lattices aligned®°.
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The effects produced by the Moiré pattern on the electronic structure of graphene on
hBN are twofold. Firstly, the Moiré generates an associated periodic superlattice
potential which leads to the formation of six secondary Dirac points (SDP) in the
valence and in the conduction band, symmetrically placed around each original Dirac
point. The energies at which these sDP develop increase with decreasing Moiré period.
Fig 2.8 shows two dI/dV curves obtained by STM spectroscopy performed on two
different graphene on hBN heterostructures. These curves are proportional to the Local
Density of States (LDOS). The black line corresponds to a heterostructure with a 9.0
nm Moiré period while the red line corresponds to a 13.4 nm (red) Moiré. The sDP
generate dips in the curves which are indicated with arrows. The superlattice potential
also generates a splitting of the Landau levels of the 2D electron gas in the presence
of a perpendicular magnetic field. When the relation between the magnetic flux per
unit cell and the magnetic flux quantum is a rational number, the degeneracy of the
electrons in cyclotron orbits is lifted. The spectra of these Landau levels forms one of
the rare fractal structures found in physics known as the Hofstadter butterfly5l. The
experimental realization of this phenomena is difficult. A typical lattice periodicity of
the order of 1A needs a magnetic field of 10kT which is impossible to reach nowadays.
The large Moiré pattern formed by aligned graphene on hBN and its associated
potential allow the observation of the splitting of these Landau levels at experimentally
accessible magnetic fields thanks to the comparable sizes of the cyclotron orbits and

the superlattice potential®?.

Secondly, the Moiré pattern can break locally the sublattice A-B symmetry of the two
atoms in the graphene unit cell, which protects the opening of a bandgap. The
difference in potential between nitrogen and boron atoms provides a chemical
environment for the two graphene atoms in the unit cell that gradually changes as we
move along the layer. But the effect could be compensated after spatial averaging,
which would prevent the formation of a band gap.

Woods et al. proposed that a commensurate—incommensurate transition occurs when
the lattices are aligned®. Under this condition, the van der Waals potential is strong
enough to overcome locally the elastic energy of the graphene layer, displacing

graphene atoms from their equilibrium positions.
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Lattice resolution STM images show a small variation of the graphene lattice constant
across the Moiré unit cell (Fig 2.9a-b), approximating to the value for hBN in the flat
central areas while remaining closer to free standing graphene at the few pico-meters
high domain walls. The graphene layer has an extra row of atoms, with respect to hBN,
running parallel to the domain wall (Fig 2.9c). In this scenario, the unit cell symmetry
could be broken locally at the centre of the Moiré pattern where the graphene is
strained. In this case, the local strain is compensated by this extra row of atoms at the
domain walls in a way that the overall strain averaged over the Moiré unit cell is

negligible.
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Figure 2.9: a) STM image of an aligned graphene/hBN structure showing both the Moiré pattern
and the atomic structure (inset with 1 nm scale bar). Lattice resolution images like the one on the
inset where used to determine the lattice constant of graphene through a Fourier transform. Scale
bar 10 nm. b) Ratio of the lattice constants between graphene and hBN at the positions indicated by
the coloured boxes in a. Adapted from [63].c) Schematic vertical (and perpendicular to the domain
wall) cut of the graphene lattice (black dots) with the potential generated by the hBN lattice (red
line). The graphene is strained and matches the hBN lattice on each side of the dislocation line.

In contrast, high temperature MBE grown graphene on hBN by Summerfield et al®
showed Moiré periodicities up to ~ 30 nm, which can only be generated by a significant
~ 1% overall strain. We can approximate the average strain of the graphene layer as a

function of the Moiré size. For this we shall consider,

Unstrained graphene

(1+d)ag

with § = 4hBNT496
ag

o=
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Strained graphene

(1+8"ag . - ’ , _ anpN—A; _ Appn—ag—Adg
A= with a, = a; + Aa; and §' = =
S 8’ G ¢ +Aag ag ag+Aag

Taking the ratio between these expressions and rearranging gives,

= 2.14
Notice that in the limit A; —» oo, 296 — §. This means that the Moiré period diverges

ag
as the strain of the graphene layer approximates to the lattice mismatch between the

two lattices.

Figure 2.10 shows a few of these large periodicity Moiré patterns. Authors propose
that the strain could be generated during post-growth cooling due to a difference in
thermal expansion coefficients between the two crystals and maintained through

pinning by irregular carbon deposits formed at defects in the hBN substrate.
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Figure 2.10: AFM images of Moiré patterns of graphene grow on hBN by MBE by Summerfield et
al. with sizes ranging from 13.2 nm to 26.4 nm. The percentages of overall strain calculated from
the Moiré periodicities are a) 0% b) 0.66% and c) 0.84%. Adapted from [63].

A tensile strain of ~1%, is observed, implying that the relationship between the
expansion coefficients (og-appy), averaged over the relevant temperature growth

range (300-1770 K) is positive with a value 8 x 107%/ K. Nevertheless, since the
magnitudes of the expansion coefficients of graphene® and bulk hBN®® above 800K
are unavailable, thermally induced strain is considered a plausible origin. A similar
mechanism for introducing strain in graphene has been observed on graphene layers
grown on SiC%. The strained graphene layers on hBN can relax spontaneously, weeks
after growth or by scratching the layer with an AFM tip, forming cracks on the surface.
The cracked layers display lower Moiré periodicities following strain relaxation.

Interestingly, depending on the location of the crack and the carbon deposits pinning
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the layers, anisotropically strained layers can be formed where the periodicities of the
Moiré pattern differ for different directions or even Moiré patterns that gradually
change their orientation across the layer. These features provide confirmation of the
graphene layers being subjected to an overall strain. In addition, Summerfield et al.
provide Raman spectra that shows splitting of the 2D peak, which indicates areas with
different strains. The central areas of the Moiré pattern that appear lower in the STM
and AFM images are under biaxial strain while close to the domain walls the strain is

uniaxial.

Strain in graphene is of great interest as it can alter the Hamiltonian in a way that the
electrons experience a potential as if they were subjected to a magnetic field
perpendicular to the surface plane i.e. strain can induce pseudo-magnetic fields. For
example, it has been shown that designed strain aligned along the main three
crystallographic directions of graphene does not break the sublattice symmetry but
rather shifts in opposite directions the Dirac cones at K and K’ points, which is
equivalent to the effect induced by a uniform magnetic field perpendicular to the plane
on charge carriers®, It is argued that hBN could induce this type of stresses on

graphene®°,

In parallel, early theoretical calculations based on a lowest energy configuration,
predicted that lattice matched graphene on hBN would exhibit a bandgap of 53 meV
1, In this configuration, one of the sublattices of carbon atoms sits above boron atoms
in hBN while the other sits above the centre of the hexagon ring, breaking the sublattice
A-B symmetry globally rather than locally. Opening a band gap by symmetry breaking
through substrate interactions has been successfully explored by epitaxial growth on
SiC’2". Nevertheless, the mechanism to achieve the necessary 1.8% bi-axial strain
that allows graphene to lattice match hBN over a significant area remained unsolved

and was considered, until recently unachievable.
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2.4 Graphene on hBN fabrication techniques

The most common methods for fabricating graphene devices on hBN nowadays are
micromechanical exfoliation using adhesive tape and chemical vapor deposition
(CVD). Micromechanical exfoliation from highly orientated pyrolytic graphite
(HOPG) was the method used by Geim and Novoselov to isolate graphene and
measure its electronical properties for
the first time'. Graphene can be seen
under white light, with an optical
microscope when it lies on a SiO2/Si
substrate. Oxide thickness values of
scan angle: 0° "2 i ~90 nm or ~280 nm maximize the
contrast.’® This allows a relatively
easy and low cost identification of
monolayers. However, mechanical
exfoliation is a time-consuming
process and only flakes on the scale of
~100 pum can be obtained, far from the
wafer scale needed for industrial
applications. Growth of graphene by

Doubledgys’s CVD by dissociation of methane on
100nm 5, .

nickel ** and soon after on copper®’
Figure 2.11: AFM images of graphene grown on were demonstrated, providing large
hBN by CVD. Extracted from (a-b) [75], (c-d)

[76], (f-g) [77]. area coverages.

After etching of the metal substrate, the graphene layer can be placed onto dielectric
substrates like SiO, or hBN by dry or wet transfer methods’. The use of electron beam
lithography (EBL) to tailor the contacts of these devices as well as stamping systems
that allow control of the rotational alignment of the different crystals provide a route
to device fabrication. CVD growth of graphene directly on hBN has been explored by
a few groups obtaining in most of the cases growth of small islands. The most
interesting results are in references’"". The first of these studies, by Tang et al., using
no catalyst or plasma shows growths of graphene islands with a few hundreds of hm

across”. Most of the islands have faceted hexagonal edges oriented in the armchair
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direction (Fig 2.11a) although depending of the precise growth conditions, the edges
can also be more irregular (Fig 2.11b). In some of the islands with more irregular
edges, epitaxial domains aligned to hBN exhibiting the expected ~14 nm Moiré
pattern, coexist with rotated domains that show no Moiré pattern at all. Also, images
of an island with a second layer are shown. A later study by the same group’®, this time
using silane (SiH,) as a catalyst shows much larger islands with maximum sizes of 20
pm. Most of these islands, from their hexagonal faceted edges and the sizes of their
Moiré patterns, appear to be aligned with the substrate lattice. Nevertheless, authors
show also images of an island where the Moiré pattern is absent. The edges of this
island are ~30° rotated with respect to another aligned island situated a few um away
(Fig 2.11c-e). The sizes of such islands are enough to deposit metal contacts through
electron beam evaporation and perform transport measurements. In the last of these
studies, where a plasma source is used to break down the precursor molecule before
growth, methane (CH,), a single domain of epitaxial graphene with the usual Moiré
covering the hole flake is obtained’” (Fig 2.11f). Also, second and even third layers
are formed through further deposition (Fig 2.11g). This last study also shows transport
measurements where secondary Dirac points generated by the Moiré pattern influence

the resistivity of Quantum Hall Effect fan diagrams.

2.5 Graphene grown on hBN by molecular beam

epitaxy

Molecular beam epitaxy (MBE) is a crystal growth technique performed in ultra-high
vacuum (1071° Torr), where beams of atoms or molecules react with a heated
crystalline substrate in order to form epitaxially grown highly pure crystal structures.
MBE was developed at Bell Laboratories in the late 60’s ® by Alfred Y. Cho and John
R. Arthur, Jr.

Epitaxy, is derived from the Greek roots epi (éxni), meaning “above”, and taxis (td&ig),

meaning “in an ordered manner” indicates that the crystal grown has the same or a

similar structure as the substrate crystal and they keep, in general, a fixed orientation

and registry. This ordered growth is obtained in MBE by a slow deposition rate ~1000

nm/hour. High substrate temperatures allow adsorbed species to diffuse along the
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surface and incorporate at suitable sites. The low deposition rates require lower
vacuum pressures compared to other growth techniques. The atomic or molecular
beams are provided by different pure species heated in separate Knudsen cells. The
intensity of the beams depends on the cells’ temperature, which can be adjusted to take
into account the different sticking coefficients of the different species and therefore set
very precisely the stoichiometry of the grown crystals. Computer controlled shutters
situated at the end of the cells can sequentially interrupt the beams of different species
to control the thickness of different layers of crystals. In this way, heterostructures
composed of thin alternating layers such as GaAs and GaAlAs, can be formed. In these
structures electrons can be confined into quantum wells or quantum dots. The growth
is typically monitored by reflection high energy electron diffraction and quadruple

mass spectrometry.

Previous to the work by the Nottingham Graphene MBE group, the use of MBE to
grow graphene directly on hBN had been explored”®®° with partial success (Fig 2.12).
Although Raman spectra indicates the presence of graphene in both of these studies,
only AFM scans in Jorge M. Garcia et al. work show a recognizable layer, emerging
just a few hundreds of nm from bulk carbon deposits adsorbed on hBN step edges (Fig
2.12a). These results are far from producing the quality and size of graphene layers
obtained by mechanical exfoliation, by CVD growth on a sacrificial substrate or even
by direct CVD growth on hBN. As was later shown by the Nottingham Graphene MBE
group®, the temperatures needed to obtain an appropriate mobility of carbon in the
surface were around 500 °C higher than those achievable by conventional MBE

systems at the time, around 1000 °C.
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Figure 2.12: AFM images of earlier attempts of growing graphene by MBE from references (a) [79]
and (b) [80].
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2.6 Raman spectroscopy on graphene

Raman spectroscopy is a light scattering technique, whereby a molecule or a material
scatters incident light from a high intensity laser light source. A small amount of light
is scattered at different wavelengths, which depend on the chemical structure of the

sample.

A Raman spectrum features a number of peaks, showing the intensity and wavelength
position of the Raman scattered light. Each peak corresponds to a specific molecular
bond vibration, can be used to detect and characterize graphene giving information
about the number of layers, the density of defects®-#2, and most importantly for our
case, the magnitude and nature of the strain within the layers®84 Three main peaks
G, D and 2D are observed in graphene. These peaks are used to detect the presence of

graphene and deduce its thickness and number of defects.

The G peak at around 1580 cm™ is associated with the doubly degenerate in-plane
transverse optical (iTO) and longitudinal optical phonon (LO) modes at the I" point
and it is the only peak generated by a normal first order Raman scattering process in
graphene. All sp? bonded carbon atoms such as fullerenes and nanotubes exhibit the G

peak. These optical phonon modes correspond to vibrations of the sublattice A against

sublattice B.
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Figure 2.13: a) Raman spectrum of pristine (top) and defected (bottom) graphene. b) Evolution of
the 2D peak with the number of layers. Extracted from [81]
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The D peak located around 1360 cmarises from a second order inter-valley K point
scattering process involving one iTO phonon and one defect. The D peak is strongly
dispersive with excitation energy due to a Kohn anomaly at the K point®. Since the
activation process for the D peak involves defect scattering, the ratio between the

intensities of the G and D peaks gives a measure of the quality of graphene.

The 2D peak at 2700 cm™ arises from a second order inter-valley K point scattering
process but in this case involving two iTO phonons at the I" point. The 2D peak is
present in defect free graphene. Since the valence and conduction bands are symmetric
with respect to the Fermi level, triple resonance processes involving scattering of holes
can occur. This can explain the larger intensity of the 2D peak compared to the G band.

The principal Raman scattering processes are shown in Fig 2.14.

Figure 2.14: Principal Raman scattering processes in graphene. Extracted from [81].

Increasing the number of graphene layers results in a larger number of electron-hole
creation transitions as well as a larger number of iTO phonon branches. This results in
an increased number of possible K to K’ electron-phonon scattering processes which
progressively broadens and blueshifts the Raman 2D peak towards the expected shape
of bulk graphite®® as shown in Fig 2.13b. Additional peaks are present on defected
graphene like the D’ at ~1620 cm™ and the 2D’ at ~3230 cm™. The D’ peak arises
from a double resonance in an intravalley scattering of a photo-excited electron by a
phonon along with elastic scattering by a defect. The 2D’ is itS overtone and, as the
2D peak, does not need defects for its activation so it is always present. In addition,
the D+D’ peaks are produced by one intravalley and one intervalley phonon scattering
processes, and the D+D’’ peak by two intervalley photon scattering processes, both in

the presence of defects.
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Raman spectra are also affected by strain. Graphene was deposited onto a polymer
substrate which was a posteriori uniaxially deformed generating uniaxial strain in the
graphene layer. The G and 2D bands appear shifted by a magnitude proportional to the
strain and the G peak splits into two®. As mentioned earlier, the origin of the G band
arises from a doubly degenerate E»g phonon mode at the I" point. When the uniaxial
strain is applied, the rotational symmetries of graphene are lost, splitting the Exqg
phonon mode into two singlet modes that give rise to the G and G~ peaks. In fact, the
relative intensities of these peaks depend on the angle of incident polarization relative
to the strain axis. In addition, studies also show the splitting of the 2D band at large
strains caused by both the Dirac cone shifting and the anisotropic softening of phonon
modes®”®8, The Dirac mode shifting induces variations in the three equivalent
scattering paths which involve scattering phonons with different momenta. In contrast,
biaxial strain causes also redshifts but does not result in peak splitting, since all the
symmetries of graphene are preserved. Such spectra have been reported for a graphene
membrane under hydrostatic pressure®* (Fig 2.15).
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Figure 2.15: a) Raman spectra of a graphene membrane measured at £ ~ 0% and ¢ ~1.8% biaxial

strain, measured at excitation wavelength of 514.5 nm. b) Experimental set up. The device is used
to seal a chamber containing pressurized He gas. Extracted from [84].
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2.7 Alkanes

The deposition of the long chain alkane hexacontane (CeoH122) on hBN is described in
chapter 7. Alkanes are open chain saturated hydrocarbons with the general chemical
formula: CnHazn+2. In the case of alkanes the molecule forms only single bonds, as
opposed to alkenes or alkynes containing at least one double or triple bond
respectively. The structure of alkanes can be easily explained starting from methane
(CHa), and increasing the number of carbon atoms. Methane contains only one carbon
atom bond to four hydrogen atoms. The 109.5° angles between C-H bonds are equal
and form a tetrahedral shape. Ethane (C2He) contains two carbon atoms joined by a
single bond. The remaining three orbitals on each carbon atom form bonds with
hydrogen atoms. Polyethylene, which is a mix of large chain alkanes is used in bags,

toys, foams, containers, synthetic clothes and many other products.

Single sigma bonds allow rotation of the —~CH. units since the sp® orbitals are
symmetric about the internuclear axis. Steric effects, which consist of repulsive forces
between overlapping electron clouds, determine the lowest energy conformation of the
molecule. In the case of alkanes such conformation consists of all the C-C backbone
bonds oriented in an alternating zig-zag configuration with an angle of 109.5°, leaving

all the carbon atoms in the same plane.

Alkanes are not very reactive in comparison with other chemical species given the lack
of double or triple bonds and the very stable sigma covalent bonds formed by
sp3 hybridized orbitals. In fact, alkanes are found in crude oil and natural gas, where
they remain unchanged for millions of years. Alkanes are non-polar molecules and
therefore are immiscible in polar solvents like water but can be dissolved in non-polar
solvents like acetone, benzene or other alkanes. The boiling point of Alkanes increases
with the chain length; typically the addition of each CH> segment increases the boiling
point by between 10° and 20°. In the case of the melting point the trend is similar, but
slightly distorted by the molecular packing of the solid crystal phase. For example
propane has a lower melting point (85K) than methane (91K) due to a more densely
packed crystal structure. Octadecane (CisHz0) is the shortest alkane that is solid at

room temperature. Longer alkanes are referred to as waxes.
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2.8 Alkanes on graphite

The adsorption of alkane layers on graphite was initially studied using calorimetry
techniques®®. These studies revealed that the heats of adsorption for different alkanes
increased linearly with the length of the chain, ~0.94 kJ/mol for each methylene unit.
Also, since the area per molecule could be calculated from the adsorption isotherm, it
was deduced that the length of the molecules adsorbed on graphite was slightly lower
than in the three dimensional alkane crystal. Groszek et al suggested that the molecules
were physisorbed with their long axis parallel to a main axis of graphite in an all-trans
configuration. The methyl (-CH,-) groups on the alkane chain lie on top of the centers
of the carbon hexagons, where the substrate potential has a periodic minimum®®. The
length of alternate methylene groups, 0.251 nm, is only 2% longer than the 0.246 nm
spacing between these hollows. This arrangement would be energetically favourable
if the decrease in potential energy obtained by the fit of the hydrogen atoms on the
hexagon centres would compensate the increase in energy of the molecules due to

contraction.

With the advent of STM, it became possible to observe organic molecules adsorbed
on conducting surfaces and the ordering of alkane layers on graphite was revealed.
Alkanes are non-conducting, but for one or a few layers of material deposited on a
conductive substrate, a sufficient current flows to the tip, allowing the use of this
technique. Moreover, since the
molecules alter the tunnelling
current, the images of organic
molecules  usually show a
combination of features
corresponding to the molecules and
the substrate. The contribution from

each of them will depend on the

strength of such alteration which can

occur either by a change in the

1 nm b—i

) ) ) Figure 2.16: First STM image of alkane
of the density of states in the tip due molecules adsorbed on graphite corresponding

to dotriacontane (C5,Hg). Extracted from [91].
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McGonigal et al, took for the first time STM images of alkanes, in this case triacontane
n-C3,Hge, adsorbed from a solution of 10ml of iso-octane on graphite® (Fig 2.16). The
images agree with the model proposed by Groszek although they are not sufficient to
confirm that the molecules are oriented in an all-trans configuration. The molecules
appear arranged parallel to each other and perpendicular to the troughs beyond their
ends, forming lamellar rows with an structure similar to those formed by alkane
molecules in their three dimensional crystal®?. Across these troughs between rows,
neighbouring molecules are offset by half the lateral distance between parallel
molecules, in a manner such that their endings are interdigitated. Authors argue that
the molecules are commensurate with the substrate, since otherwise a more irregular
image due to "aliasing effects” caused by the differing periods of the substrate and

adsorbate lattices would be expected.

Later images of heptacosaene (C,,Hss) on graphite show indeed a varying contrast
along the molecules with one of the extremes being brighter than the other®® (Fig
2.17.a). This has been attributed to similar but not exact distances between methylene
groups and graphite hexagons, resulting in a modulation of the tunnelling current.
However, along the lamellar rows, the molecules seem to be commensurate with the

substrate since no contrast variation is appreciated in such direction.

Figure 2.17: STM images of molecular monolayers on the basal plane of graphite. a) The alkane
heptacosane (C,,Hse) presents a contrast variation in the direction of the molecule. The ends of the
molecules on the upper side of the molecule look slightly brighter than the opposite sides due to a
slight mismatch between methyl groups and the hexagon centres of graphite. b-c) Lamellar rows of
octadecanol (C,gH;,0H) where the molecules change orientations on the left corner. Image (c) was
taken 10 ms after (b). Images extracted from [93].
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Alkanes on graphite seem to align perpendicularly to the lamellar row. However, other
organic molecules with functional groups show different behaviour. In the case of
alcohols such as octadecanol (C,gH3-OH) the molecules are tilted ~30° with respect to
the lamellar row direction instead of lying perpendicularly to it (Fig 2.17b and c). The
orientation of the molecules alternates often although not always between different
rows resulting in a herringbone structure. The orientation of the molecules with respect
to the lamella can switch between AFM scans. Even the domains of the lamellar rows
can take over other domains. Figures 2.17 b and c in the top left corner reveal this

kind of behaviour.

High resolution images of individual molecules show in detail a number of topographic
features in a zig-zag configuration along the length of the alkanes®. The number of
these features loosely matches the number of carbon atoms in the chain, which is
consistent with the molecules lying in an all-trans configuration. Nevertheless, the
angles and distances between bright features
do not coincide with those expected to
carbon atoms in the alkane chain. Instead,
they match more probably orbitals of the top
hydrogen atoms of alkanes. Also, the
brightness of these spots is considerably
stronger on one side of the molecule than in
the other. This asymmetry has been for

many years a source of debate where some

authors suggested that the molecules lie with

Figure 2.18: STM image of nonadecane
the molecular axis perpendicular to the (CioHso). The white box indicates the
location of an individual molecule. Bright

substrate®® or tumble back and forth between  features correspond to methylene groups.
Extracted from [94].

these orientations®® instead of lying

parallel®.
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In order to shed light on this
controversy, a series of theoretical
studies where performed. Faglioni et al.
developed a model based on
perturbation theory in which computed
STM images of octane with the

molecular axis parallel and

perpendicular to the surface of HOPG

where produced®. The results show _ _
Figure 2.19: Computed STM images of an
that the parallel configuration alkane molecule adsorbed with its molecular

computed STM images (Fig 2.19b) are  axis perpendicular (a) and parallel (b) to the

very similar to those obtained graphite surface. The contour levels are at 1/6,
2/6, 3/6, 4/6, and 5/6 of the maximum height

peak of each plot. Extracted from [96].

experimentally as opposed to the
perpendicular configuration images
(Fig 2.19a).

Ab initio calculations®” as well as molecular simulations of alkanes on HOPG%:%
indicate that the most stable configuration corresponds to the all-trans. Intuitively, this
configuration should be preferable, since the number of atoms closer to the surface,
specially carbon atoms, is larger than in the perpendicular configuration. In addition,

the second molecular simulation study

exploress  the  contribution  of [

400
intermolecular forces, concluding that 350

300

although the interactions between

250

V(kJ mol™)

molecules are stronger in the case of the -
molecules lying perpendicular to the i

100

surface compared to lying parallel, the

50

interactions with the substrate are 0

Parallel Perpendicular

stronger being the determinant factor. B Adsorption energy

[ Intermolecular energy

Nevertheless, the molecule-molecule
) . o ) Figure 2.20: Adsorption and intermolecular
interactions play a significant role in the  energies for long chain alkanes adsorbed on

. raphite. Extracted from [99].
formation of the lamellar structures. grap (9]
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Ilan et al. performed first principles calculations based on density functional theory

(DFT) showing that the asymmetry in the intensity between features at opposite sides

of the alkanes can be induced by
coupling of the frontier orbitals of the
molecules with the orbitals of the
carbon atoms in the graphite lattice®
(Fig 2.21). Since the states near the
Fermi level in graphite are dominated
by =@ electrons on the B type carbon, the
coupling depends on the registry of the

molecules. Previous STM images of

Figure 2.21: A relaxed decane molecule on
graphite and its corresponding simulated STM
image in an all-trans configuration on two layers
of graphite. Extracted from [94].

graphite show a marked difference in contrast between the two sublattices A and B,

where A is the sublattice that has neighbours above and below and the B lattice lies

above and below hexagon centers'®, Since the STM images are insufficient to identify

which sublattice corresponds to the higher contrast, theoretical calculations were used

to determine the contribution from the Bloch wave functions corresponding to each

sublattice to the states near the Fermi level that are scanned by the STM tip.

The adsorption from solution into HOPG of a binary mixture of alkanes with different

lengths, hexacosane (C,¢Hs,) and tetratriacontane (C5,H-,), have been investigated

using STM®, Results are shown on Fig 2.22. Even in solutions with much higher

Fractional surface coverage

0.8 1

0.6 1

0.4 1

0.94 0.96 0.98 1
Molar fraction of hexacosane

Figure 2.22: a) STM image of hexacosane (C,¢Hs,) and tetratriacontane (Cs;,H,,) molecules
adsorbed onto the HOPG surface from a mixed binary solution. The STM image was obtained at
0.972 molar fraction of hexacosaene. The image area is 30 x 30 nm2. b) Fractional surface coverage
of hexacosane, the shorter alcane, vs molar fraction in solution of hexacosane. The graph indicates
a preferential adsorption of the longer alkane. Adapted from [101].
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concentrations of the shorter alkane compared to the longer alkane, the adsorption of
the longer alkane is preferred. This is due to the difference in the free energies of
exchange between the surface and the solution, of the two alkanes, which as mentioned
before, increase with the number of methylene groups. When the molar fraction of the
shorter alkane reaches a certain threshold value, close to one, a sharp transition occurs
and the longer alkane is rapidly displaced by the shorter alkane, leaving the surface
almost exclusively covered by the later. These results agree with previous studies of

adsorptions of binary mixtures of other alkanes on graphite!%2-1%4,

The evolution of the morphology and orientation of alkane layers deposited by
physical vapor deposition at various substrate temperatures has also been studied®.
Alkanes of different lengths were used including hexacontane. Since alkanes have

higher melting points and interact more strongly with the substrate as the number of
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Figure 2.23: a-f) Polarized optical microscopy images of hexacontane grown at increasing
substrate temperatures showing different phases e) Classification of the phases formed by the
different alkanes depending onTs¢ (temperature relative to melting point) : (A) epitaxial domains
of uniform thickness; (B) rod-like domains reflecting surface symmetry; (C) pseudorectangular
domains with no epitaxial order; (D) normal oriented domains. Extracted from [105].

methylene groups in the chain is increased, a supercooling temperature (Tsc) is used
as a reference for the different alkanes. This temperature is defined as the difference
between the melting point (Tr,s) and the substrate temperature (Ts): Tsc = Teus- Ts-
The structures formed by the alkanes used in this study is compared showing that
different alkanes behave similarly for close supercooling temperatures. Polarized
optical microscopy images of hexacontane (Tg,s = 95 °C) are displayed on Figs 2.23a-
f. At lower substrate temperatures Ts = 25 °C in Fig 2.30a, the molecules form a film
of uniform thickness with domains of different contrast that reflect the six-fold
symmetry of graphite as expected for alkanes adsorbed with their molecular axis
parallel to the substrate surface. As the temperature of deposition is increased, in Figs
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2.23b-d: Tg =58 °C, Ts = 63 °Cand Tg = 70 °C, narrow rod-like structures are
formed in the direction of the lamellae. These structures are formed by molecules piled
up on each other with their molecular axis parallel to the surface. Also, the size of the
domains tends to increase as a result of increased mobility during deposition, although
in the case of hexacontane this trend is not really appreciable. At Tg = 79 °C in Fig
2.23e, a pseudorectangular phase is observed which shows no epitaxial order. Near
edge X-ray absorption fine structure spectroscopy (NEXAFS) indicates that in this
phase the molecules are still oriented in parallel to the surface despite the lack of
epitaxial order. The interaction with the substrate at this point is relatively weak.
Finally, at Tg = 83 °C, in Fig 2.23f, approximately 10 °C under the melting point, the
molecules are oriented normal to the surface, as NEXAFS results indicate. At this point
the interaction with the surface is too weak to maintain the alkanes parallel to the

surface and they adapt to a more thermodynamically stable orientation.

AFM can be used to study the confinement of alkanes between two solid surfaces,
which is relevant in lubrication applications. Figure 2.24 shows combined force and
conduction curves of a conducting AFM tip approaching and pulling off of a graphite
surface with a monolayer of different alkanes'%. The monolayer can be squeezed out
of the contact area during the approach of the tip to the surface, provided that the
molecules are in an ordered state below their melting transition temperature. In
contrast, when the molecules are in a disordered state above such temperature, a few
molecules are trapped within the tip-surface contact zone. This phenomena is
explained by the coupling between molecules that allows them to be removed from the

surface as a rigid layer.
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Figure 2.24: a) Current vs force curves during approach (red dots) and and pull-off for a monolayer
of hexadecane on HOPG at 25 °C showing a sharp jump in current when the molecules are squeezed
out of the surface. b) Same as (a) but at 65 °C. The irregular behaviour of the current indicates that
the molecules are trapped between the tip and the surface. ¢) Force vs Tip-sample distance for 5
layers of hexadecane at 25 °C. The jumps indicate the force at which each layer is removed. Adapted
from [106].
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Few molecules thick layers of hexacontane CqyH;,, deposited on graphite were
examined with AFM by heating the sample and the AFM tip during scanning at
temperatures between 25 °C and 150 °C1%7. Figure 2.25 shows lamellar structures with
a period of 7.5 nm matching the length of the molecule. This implies that, as expected,
the alkanes are oriented perpendicularly to the lamella. A correlation between the
molecular alignment and the 3-fold symmetry of the graphite lattice is indicated by
domains with lamellar orientations that differ by 60 ° (Fig 2.25b). Also, the periodicity
and orientation of the lamella is preserved in areas with several layers of molecules, in
this paper labelled as nanocrystals. These nanocrystals are an example of homoepitaxy
where the growth of additional layers is patterned by lower ones. A series of images
taken between 25 °C and 150 °C show that the heights of the nanocrystals begin to
decrease at 90 °C. In particular, a nanocrystal that at 80 °C and lower temperatures has
a height of 2.8 nm is found to be 0.5 nm high at 90 °C. At 100 °C there are no
nanocrystals found on the surface although the lamellar structures of the epitaxial
layers are still observable. Further heating at 130 °C induces changes in the lamellar
orientation between consecutive images. At 145 °C the lamella is finally no longer
observable. This temperature is ~50 °C higher than the melting temperature of bulk
hexacontane. When the temperature is lowered to 140 °C the epitaxial order is restored,

although the orientation of the lamella in some domains has changed.
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Figure 2.25: a) AFM topographic image of a graphite surface after deposition of hexacontane. b)
AFM phase image of the area marked with a square on (a) showing three different lamellar
orientations differing by 60°.c) Topographic image showing the lamellar rows in detail. (d-€)
Topographic images showing the height of nanocrystals formed by several layers of hexacontane
molecules. Arrow indicates one of these nanocrystals with a height of 2.8 nm at 80 °C in (d) being
no longer visible at 100 °C in (e). Extracted from [107].
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3. Experimental techniques

3.1 hBN Substrate preparation

Sapphire, which has a melting point of ~2050 °C was used a support substrate for hBN
exfoliated flakes in the growth of graphene by MBE growth, while SiO2/Si was used
for hexacontane deposition on hBN at room temperature. In the case of graphene
growth, the substrates were 1 cm square double-sided polished sapphire (0001)
substrates (SurfaceNet GmbH) while for the deposition of hexacontane we used SiO>
/Si 5x5 mm? wafers. hBN flakes were obtained by mechanical exfoliation from high-

temperature high-pressure hBN crystallites'©®,

Figure 3.1: Sequence of images of transfer of mechanically exfoliated hBN flakes onto sapphire
wafers. a) Samples are arranged on the table. b) Tape with hBN flakes is placed on the samples.
c) Gentle removal of the tape. d) Sample ready to go into furnace. e) Optical microscope image
of hBN flakes on a sapphire wafer. f) Optical microscope image of hBN flakes on SiO_2/Si
wafer.

During the exfoliation process, a few of these crystallites are sprinkled into a low tack
PVC with acrylic adhesive tape (Loadpoint Ltd) and the tape is folded into itself in a
way that the crystallites are trapped between two adhesive surfaces. Then, the tape is
unfolded and the crystallites are cleaved. Since the hBN layers are bound by weak van
der Waals forces, the cleavage tends to occur in along these planes, despite the random
orientation of the crystallites when initially placed on the tape. The process is repeated
several times putting in contact the adhesive with itself at slightly different areas each

time in order to extend evenly the flakes over the whole tape.
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Then, a few support substrates are arranged on a line and the scotch tape is placed on
top of them leaving the flakes in contact with the adhesive surface. We make sure that
the adhesive and the sample surfaces are in contact by gently pressing with a finger on
top of the tape. Notice that the tape is also in contact with the table. Once this is done,
we start to peel off the tape with one hand while with the other we use tweezers to hold
the samples on the table.

The typical lateral dimensions of the flakes range between 10 and 100 um while the
thicknesses is around a few hundreds of nanometres. Once the flakes were transferred,
the samples are cleaned overnight by immersion in toluene (99.9% Chromasolv for
high performance liquid chromatography, Sigma-Aldrich), followed by heating at 400
°C for 8 h in a flow of 0.15 sL/min of Ar/H2 (95:5). Figure 3.1e shows an optical
micrograph of a sapphire substrate with hBN flakes after the cleaning process. The
apparent colour of the flakes is due to thin film interference. In the case of hexacontane
deposition, the substrates were flame annealed before introduction in a UHV chamber
for sublimation deposition or before submersion in solution, in order to remove

undesirable adsorbates from the surface.

3.2 Hexacontane deposition by sublimation

Hexacontane deposition was carried out at a 10~ Torr pressure by sublimation from
a resistively heated a Knudsen cell at ~200 °C. Such high temperature of sublimation
is a consequence of the great length of the hexacontane molecule. No heating was
applied on the substrate during deposition. The layer thickness was determined using
a quartz thickness monitor which was calibrated from the surface coverage of the

dendritic structures formed by hexacontane on SiO..

3.3 Hexacontane deposition by immersion

Hexacontane was also deposited onto hBN by immersion in a vial with a solution of
10 ng/ml hexacontane/toluene under standard conditions during 1 minute. The sample

was blown dry with a N, gun after removal from the solvent.

42



3.4 High temperature MBE graphene system

The MBE system used in this work, shown in Figure 2.2, is based on a Veeco Gen
Xplor MBE system, with a modified substrate holder in order to allow growth
temperatures up to 1850 °C, much higher than the typical substrate growth
temperatures used in MBE (~1000 °C). The system is composed of two chambers, one
to grow graphene and the other dedicated to the growth of hBN. This thesis focuses on

the samples grown in the former.
The growth of graphene using MBE is in principle simpler than the growth of other
crystals like hBN, or AlGaAs given that there is only one source material needed, in

this case carbon. The optimal growth conditions are found by exploring the time of

growth, the substrate temperature and the beam flux.

After the exfoliation process described in section 3.1, samples were transferred onto a
tantalum sample holder and introduced into the MBE system where they were annealed
before growth at 800 °C during 1h. The substrate temperature during growth was
estimated using a thermocouple positioned behind the substrate heater, given that the
transparent sapphire substrates used as a support for hBN flakes prevent the use of a
pyrometer. The growth of graphene on hBN was explored in this work with three

different types of carbon sources: a filament source, an atomic carbon source and an

e-beam source.
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Figure 3.2: a) Photograph of the MBE system used in this work. b) Scheme showing the disposition
of the different elements inside of the chamber.
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In order to roughly calibrate the sources, carbon layers were grown on sapphire®,

These layers are weakly attached to the sapphire substrate and can be easily removed
with clean plastic-tip tweezers without damaging the substrate. By scanning with an
AFM on the edge of the region where the material has been removed, we can measure
the thickness of the layer. The amount of carbon deposited on sapphire is significantly
lower than on hBN due to the higher mobility and lower sticking coefficient of carbon
on hBN. Nevertheless, hBN is a surface free of dangling bonds, so the growth of
graphene relies on nucleation points at defects or step edges which can vary from hBN

flake to hBN flake.

3.5 Atomic Force Microscopy

Scanning tunnelling microscopy, the forerunner of atomic force microscopy was
developed in 1982 by Gerd Binnig and Henrich Roher at IBM Research-Zurich*%,
Their invention earned them the Nobel prize in 1986. The operation of STM is based
on a phenomenon known as quantum tunnelling effect which was first noted by
Friedrich Hund in 1927 while calculating the ground state in a double well potential.
When an electron encounters a potential barrier with an energy higher than its kinetic
energy, the probability of finding the electron at the other side of the barrier, and in
turn the electric current associated (tunnelling current), decrease exponentially with
the width of the barrier. This is a consequence of the wave behaviour of the particle in
contrast with the classical analogue where particles can only overcome barriers with
energies below their kinetic energy. The relationship between such barrier width and
the tunnelling current is so sensitive that an increase of 0.1 nm on the width implies a
decrease of one order of magnitude in such current. The STM technique exploits this
phenomenon by approaching an atomically sharp metal tip to the surface of study,
which must be either a metal or a semiconductor. The barrier consists of the physical

gap between the tip and the substrate. A voltage difference is applied between the tip
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and sample so electrons tunnel from one to another. Figure 3.3 illustrates the wave-

function of an electron as it tunnels through the potential barrier of vacuum.

A REGION 1 REGION 2 REGION 3

YN

>
Z direction

Figure 3.3: Diagram showing the tunnelling of an electron wave through the potential barrier of
vacuum. The exponential decrease of the wave can be observed in the barrier.
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The 1D time-independent form of the Schrodinger equation can be used to describe

this phenomenon.

h2 d?
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The wave functions in the three regions can be represented as a superposition of waves

moving from left to right and right to left:
l.b1 = Aeikz + Be—ikz
Y, =Ce ¥

l,l)3 = De—ikz + Feikz

with 4 =/2m(E — V,)/h? and k = \/2mE /h?
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Since the probability of tunnelling is defined as the ratio between the probability fluxes

between the transmitted and incident waves:

IFIZ
IOCTZWOCQ Hd (32)

This shows that the tunnelling current decreases exponentially as the width a of the

barrier increases.

Further analysis of the tunnelling current first by Bardeen!'? and later by Tersoff and
Hamann'!? takes in consideration the density of states of the tip and the sample. This
model shows that the topography observed can depend strongly on the local density of

states (LDOS) at the Fermi level of the surface at the position of the tip.

The STM tip is mounted on a tube composed of a series of piezoelectric crystals that
extend or contract when a voltage is applied on them, controlling the position of the
tip. Given that the relationship between the extension and the voltage applied is linear
the piezos are previously calibrated using a surface grid with known dimensions. A
group of piezos control the movement in the x-y plane while another controls the
position of the tip in the z coordinate. Typically, the tip scans the surface through a
series of horizontal adjacent lines. In the most common mode of operation (constant
current) a feedback loop adjusts the extension of the z piezo in a way that the tunnelling
current will be kept constant. The magnitude of the current is referred to as the set
point. By expanding and contracting the z piezo, the separation of the tip with respect
to the surface i.e. the width of the tunnel barrier is kept also constant, as long as the
conductivity of the surface is uniform. This way, while the x and y piezos move the
tip across the surface, the z piezo expands and contracts maintaining this separation
constant. The z height of the tip as well as its position on the x-y plane are recorded
while scanning. The computer software then associates a colour brightness to each
pixel proportionally to the z height. This forms an image where the brighter pixels

correspond to higher positions.
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In 1986 Gerd Binnig, Christoph Gerber and Calvin Quate invented the atomic force
microscopy (AFM)* which, as opposed to STM, can be used on all types of surfaces
including insulators. AFM relies on the interaction forces between the surface and an

atomically sharp tip mounted on a

5
4 flexible cantilever. In general,

% 2 % % these forces are a combination of
'E; 1 E‘J g Pauli repulsion and attractive van der
@ (1) Waals forces. This can be, in general,
25 : 5 5 y modelled by a Lennard-Jones
Distance (r/o) potential. Figure 3.4 shows the shape

Egﬂ{;v%ihé‘ j{‘t?:;ﬂ;fg ?:;iﬁ]%fm'al indicating the of this potential with the distance

normalized in o units (o =3.4A).
Equation 3.3 corresponds to this potential. The first term accounts for Pauli repulsion
and the second one for long range attractive forces like van der Waals. Also, the
parameters € and o determine respectively the depth and position of the potential

minimum.

V() = 4e ((g)12 - (2)6) (3.3)

AFM allows different modes of operation. The simplest, contact mode uses the force
between the cantilever and the surface given that the tip displacement (z — d) is

proportional to the force between the tip and the surface following Hooke’s law,
F@)=k(z—-d)

where k is the spring constant of the cantilever. If the tip is at the right (left) side of
the dip of the curve in the Lennard-Jones potential, in attractive (repulsive) regime, the
cantilever will bend towards (away from) the surface. However, contact mode is
typically used in the repulsive regime, since thermal fluctuations place a limit in the
minimum spring constant of the cantilever which implies that a stable measurement of

force in the attractive regime is very difficult if not impossible.
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The deflection of the cantilever is measured by projecting a laser onto the backside of
the tip which is often coated with a reflective metal like Al (Fig 3.5a). The laser beam
then reflects and hits a photo-detector which is formed by four photo diodes arranged
in such a way such that they can detect the horizontal or vertical deviation of the laser,
with respect to the original position when the tip is away from the surface and subjected
to no force. Figure 3.5b shows a scanning electron microscope (SEM) image of an

AFM cantilever with the tip.

a Laser

Photodiode

Figure 3.5: a) Schematic drawing of an AFM microscope. b) SEM image of an AFM tip. Extracted
from https://ieeexplore.ieee.org/document/6150392.

The deviation of the laser is proportional to the deflection of the cantilever which is in
turn proportional to the force applied when in contact with the surface. With this, the
same feedback control system used on STM can be used here, with the force applied
on the cantilever as a set point instead of the tunnelling current, provided that such
force is constant for a particular separation distance.

Contact mode allows to the acquisition of images faster and in some cases with better
resolution than other techniques, but it can result in the modification of the tip and the
sample. For this reason, is often limited to high resolution scans of small areas of
strongly bound materials.

Another scanning mode which is widely used is tapping mode. In tapping mode an

extra piezo crystal is used to excite cantilever oscillations at, or close to its resonant

frequency. When the cantilever is located far from the surface the amplitude of the
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oscillation has a particular value called free-air amplitude. When the tip approaches
the surface, the resonance frequency shifts due to the height-dependent interaction

force.
The system can be described by the following equation,

d*z dz
Fycos(wt) + F(z) = meo s+ ya+k(z—d) (34)

where the first and second term on the left-hand side account respectively for the
external oscillatory driving force supplied by the excitation piezo, with amplitude F,
and the van-der-Waals force of interaction between the tip and the sample. On the
right-hand side of the equation we have (from left to right) the response of the
cantilever, the damping force, with damping constant y and the restoring force of the

cantilever.

The amplitude of the cantilever oscillation and the phase shift between the cantilever

and the piezo for a given drive frequency w are given by,

2

Aw) =2 w}
[((1)2 — o)%)Z + (%)2]1/2 (3.5)
—1 /Q
p(w) = tan (%) (3.6)

where, w, is the resonant frequency of the cantilever, k is the spring constant and F,

is the amplitude of the driving force. The quality factor,

Q=k/ wy
is related to the width of the resonant peak of the cantilever. The narrower the peak,
the higher Q. For small oscillations around the equilibrium position, we can substitute
z by z, + z;(t), and with this, expand F(z) around the equilibrium,

dF
F(z) = F(z0) + 2:(8) (3.7)
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Substituting into equation 3.4 we obtain,

d?zy(t)

dzy(¢)

dFr
Fy cos(wt) + F(zy) + z,(t) el 12

Since F(zy) = k(zy — d),

it + k(zg +z,(t) — d)

d?z,(t) dz,(t) dF
_ - 3.8
Fycos(wt) =m 102 +y Tt +<k dz) (z1(1)) (3.8)
This gives us,
dF
Kerr=k—%

kesr |k dF
D@ = T —j;(l‘@)

1/2 wy dF

~Wo o 1 (3.9)

Therefore, the angular resonant frequency shift obtained is,

A — w, dF
@o = "ok dz

This assumes that the amplitude of the oscillation

Figure 3.6: The resonant frequency is shifted by the tip
surface interaction. The shift is proportional to the
variation of the interaction force with the distance.
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(3.10)

dF
dz

is small and that k >>
The driving force from the piezo
can be set to a frequency close to
resonance. As the cantilever gets
closer to the surface, since the
gradient of the force changes, there
is a shift in the resonance peak,
which in turn changes the
oscillation amplitude of the
cantilever. For the choice in drive
frequency on Fig 3.6 the amplitude
decreases as the tip approaches the
surface until it matches a certain
value previously introduced (set

point). During the scan the



distances between the cantilever and the surface momentarily change, which in turn
change the gradient of the force and the amplitude of oscillation. A feedback loop
adjusts the height in order to match the oscillating amplitude. Figure 3.6 shows
schematically to resonance peaks corresponding to two different heights. The inset

shows their corresponding position in the force curve.

Tapping mode was the main technique used during the development of this thesis. The
fact that this mode is performed without contact on the surface allows a higher stability
of the tip as well as less wearing of the surface. All AFM measurements (unless stated
otherwise) were performed in amplitude-modulated tapping (AC) mode with an
Asylum Research Cypher-S AFM and an Asylum MFP-3D AFM using Multi75 Al-G
AFM probes (Budget Sensors) at set points between 400mV and 600 mV (free-air
amplitude normalized to 1V) in ambient conditions (k ~3 Nm™1, w,=75 (60-90) kHz).

Conductive AFM (cAFM) is a different mode in which a metal tip scans in contact
with the surface, while a voltage difference is applied between the two. The current
that flows through the sample and the tip is measured during scan, generating an image
where the areas with different magnitude of conductance can be distinguished. This
technique was used to measure the surface conductance at different areas along the

Moiré unit cell. Fig 3.7

cAFM tip shows a scheme of the set

up. In order to supply a
Ag nanowires bias voltage on the
graphene layers a gold
electrode was formed on

Figure 3.7: Experimental set up for cCAFM. Ag nanowires were the sapphire substrate by

deposited onto the surface in order to stablish a conductive path  resjstive thermal
between the graphene layer on hBN and the gold contact. The gold . )
contact was evaporated using a mask. evaporation and silver

nanowires were deposited onto the surface. The deposition was calibrated so the
density of nanowires was enough to form a conductive path for the current to flow
from the electrode to the graphene layers on top of hBN flakes but leaving enough
space between them so the surface could be scanned. These conductive measurements

were taken by James Thomas from the University of Nottingham.
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4. Graphene growth on hBN using a

carbon filament

In this chapter graphene growth using a SUKO-63 carbon filament source supplied by
Dr. Eberl at MBE-Komponenten GmbH was investigated. The carbon source consists
of a looped filament made of pyrolytic graphite. Sublimation of carbon is achieved

through resistance heating to temperatures up to 2300 °C.

These sources were developed for the growth of Si-C and Si-Ge-C alloys in Si MBE,
but in the last few years have been successfully applied to graphene growth and can
provide a stable flux at low deposition rates. In order to avoid contamination of
undesirable species, the heater assembly is constructed from pyrolytic graphite (PG)
parts. In addition, internal water cooling of the electrical contacts avoids overheating

of these parts.
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Figure 4.1: a) Photograph of the flange of the carbon filament source. b) Photograph of the
filament source. ¢) Schematic of the source inside the flange. d) Photograph of the filament
attached to the SUKO assembly. Images (a) and (d) are extracted from: https://www.mbe-
komponenten.de .

In Figure 3.1a a photograph shows the flange inside which the filament source is
located. The arrangement of the different elements is shown schematically in Fig 4.1c.
An image of the filament attached to the system is also shown in Fig 4.1d. The
filaments have an average life of 20 hours at a current of ~100A. In order to obtain full
coverage, the time of growth was fixed to 4 hours for each sample. Partial growth was

discussed by Summerfield et al®*.
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4.1 Monolayer growth

The growth of a monolayer of graphene on hBN is achieved usually at substrate
temperatures above 1500°C. Lower substrate temperatures typically result in hBN
flakes completely covered in amorphous carbon. Figure 4.2 shows a series of optical
microscope and AFM images of flakes completely covered in graphene.

An image of the whole wafer was acquired using a composite of optical microscope
images (Fig 4.2a). Bottom right and bottom left corners of the wafer are cut in order
to identify the orientation of the sample as well as the “up-side” covered in flakes. The
dark colour is due to the carbon deposited on sapphire all over the surface of sample
except on the corners where the clips of the substrate holder are attached during
growth. The flakes correspond to the brighter small objects scattered around the
surface. The blue box marks the area where the image in Fig 4.2b was taken. Most of
the hBN flakes have dimensions that range from 10 pm to 100 pm. Their different
colours are due to the light interference which is dependent on the thickness of the
flakes.

Figures 4.2c and d show an optical microscope and a topographic channel AFM image
of the flake highlighted by a blue box in Fig 4.2b. Wrinkles running along principal
axes, which are due to thermal cycling during growth are present on both images. Blue
boxes indicate where each subsequent image was obtained. In Fig 4.2e the wrinkles
previously mentioned can be resolved more clearly (see green arrow). Flakes also
show folds due to the rugosity of the underlying sapphire substrate. Amorphous carbon
deposits are accumulated on step edges forming lines that run along several
micrometres. One of these lines is indicated by a magenta arrow in the same image.
Carbon deposits also accumulate on hBN defects. These appear as higher contrast dots
(yellow arrow in Fig 4.2f). The presence of carbon deposits, for example on step edges
seems to play a role in the preservation of strain in the graphene layer as discussed
later. Figures 4.2g and h correspond to topographic and phase channel images from a
scan in the area marked with a blue rectangle in Fig 4.2f. A fold runs diagonally close
to the top right corner on both images. Also, amorphous deposits lie on the right-hand

side.
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Figure 4.2: A series of zoom-in images connect the scale of a sample with the scale of the Moiré
pattern. a) Image obtained from a mosaic of optical microscope images of a sapphire wafer covered
in hBN flakes after graphene growth. The dark colour of the sample is due to the carbon deposited
everywhere except on the edges of the sample under the holder clips. At this scale the flakes look
like bright spots. b) Higher magnification image of the hBN flakes with sizes ranging from 10 pum
to 100 um obtained from the area indicated with a blue square in a. Inside the blue square in b lies
a flake shown in detail in c (optical) and d (AFM). Both ¢ and d show hBN thermal cycling wrinkles
running along the principal axis. The remaining images were all obtained using AFM. e) In addition
to the thermal cycling wrinkles (green arrow), carbon deposits lie on the surface on terrace step
edges forming higher contrast lines (arrow in magenta). f) There are also present carbon deposits
formed on hBN defects. These appear as brighter contrast spots (yellow arrow). Blue rectangle
indicates the area scanned on both g (topographic channel) and h (phase channel). Carbon deposits
attached to a step edge are located on the right side of both images. An hBN fold runs diagonally.
Another blue box in h indicates the area shown in i where the hexagonal Moiré pattern is clearly
resolved. i) The topography image is considerably distorted but the hexagonal Moiré pattern can be
appreciated. j) Higher magnification topography image gives a slightly better quality. The Moiré
periods along the three principal directions are indicated. Scale bars:(a) 2 mm, (b) 200 um, (c-d) 20
pm, (e) 4 um, (f) 1 um, (g-h) 200 nm, (i) 50 nm, (j) 20 nm.
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The edges of additional graphene layers emerging from the deposits can be seen on
the phase channel image as lines with darker contrast compared to the background.

The blue box indicates where the topographic channel image in Fig 4.2i was obtained.

Finally, Fig 4.2i shows a Moiré pattern. The image has been filtered in order to avoid
the underlying relief, making the Moire pattern more obvious. Notice that after such
large scans the tip of the AFM is not very sharp, limiting the quality of the images
taken in this sequence. A higher magnification image in Fig 4.2j reveals the pattern
more clearly. The pattern is formed by lower contrast areas divided by boundaries that
form hexagons as the 14 nm period Moireé patterns formed by graphene flakes stacked
on hBN or grown by CVD which were discussed in chapter 1. Nevertheless, the
periods in the three different directions are close to 34 nm, which is more than twice
the value expected for unstrained material. As demonstrated in chapter 1, the
relationship between the Moiré period and the strain is given by the expression:
Aag As — Ao

=4
ag /15

From this we can calculate the overall strain in this layer to be ~1.1%. Patterns with
similar sizes using the same MBE system have been reported previously by the
Nottingham MBE graphene group®. As explained in chapter 1, Moiré patterns with
high periodicities emerge as a consequence of strain within the graphene.

Another flake on the same sample exhibits a regular Moiré patern with a 14.2 + 0.7
nm period. Figure 4.3a is a 20x20 um? topographic channel image obtained from the
centre of the flake. The subsequent images form a sequence of zoom-ins analogous to
the sequence in Fig 4.2. All images correspond to the topographic channel except Fig
4.3d which corresponds to phase. Figures 4.3e and f show the Moiré pattern. The path
of the profile shown in Fig 4.3g is indicated in magenta. The Moiré pattern has the
same morphology but the period in this case is 14.2 nm, approximately the same the
period found in stacked aligned graphene/hBN van der Waals heterostructures. The
height of the hexagonal wall is ~ 40 pm, similar to the height measured by

Summerfield et al® previously.
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Figure 4.3: AFM images of a flake presenting a 14.2 + 0.7 nm period Moiré pattern. All images
correspond to the topographic channel except d (phase). Blue squares indicate the areas where the
next image was taken. White arrow in e points at topological defects Profile in g was taken from
the path marked by a magenta line in e. The peak to peak height of the Moiré is ~ 40 pm. Scale
bars: (a) 4 um, (b) 2 um, (c) 500 nm, (d) 250 nm, (e) 50 nm, (f) 20 nm.
Moiré patterns with different periodicities are typically found on different flakes of the
same sample. Even in the same flake different periodicities can be observed, at
different areas and change progressively along the surface. Nevertheless, we tend to
observe that the largest period found on each sample tends to increase with the growth
temperature. Figures 4.4b-f correspond to the largest period Moiré found in samples
grown at different temperatures, ranging from 25 + 2 nm (0.79 £ 0.04 % strain) on
samples grown at 1500 °C up to 75 =4 nm (1.46 + 0.08 % strain) on a sample grown
at 1710 °C. In Fig 4.4a, the 14.2 + 0.7 nm Moiré shown previously, provides a
reference. The area scanned in each image is 250x250 nm?. All images correspond to
the topographic channel except Fig 4.4d which is a phase channel image. In the phase

channel the domain walls appear in darker contrast.

The largest Moiré patterns in each sample are usually found in areas close to deposits.
Specially those on step edges. The 75 + 4 nm Moiré was found in an area with these
characteristics (Fig 4.4g). The precise location is indicated by the blue box and the
Moiré is shown in 1x1 pm? (Fig 4.4h) and 500x500 nm? (Fig 4.4i) images. The blue
line indicates the path of the profile shown in Fig 4.4k. Figure 4.41 shows the location

of the flake in the sample with red arrows indicating the next image.
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The morphology of the patterns is similar despite the large difference in periodicities.
For example, they display domain walls with heights of the same order and topological

defects.

These results indicate that the periods of the Moiré patterns and in turn the overall
strain of graphene layers grown on hBN can be greatly increased by using a higher
growth temperature. As explained in the background, we consider the difference in
expansion coefficients between the two crystals as a possible mechanism responsible

for the introduction of overall strain in graphene although this matter requires further

investigation.
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Figure 4.4: AFM images of Moiré patterns with the maximum period found at given temperatures
compared with the 14.2 £ 0.7 nm Moiré. a) 14.2 nm Moiré. 0% strain. b) 25 £ 2 nm Moiré. 0.8 £
0.1% strain. Tgrown= 1500 °C. Green line indicates the path of the profile shown in (j). The height
of the domain walls is ~35 pm. ¢) 35 + 2 nm Moiré. 1.08 + 0.06 % strain. Tgrown= 1520 °C. d) 51 +
3 nm Moiré. 1.30 £ 0.07 % strain. Tgrown= 1575 °C. €) 67 + 4nm Moiré. 1.42 + 0.08 % strain. Tgrowth=
1600 °C. f) 75 £ 4 nm Moiré. 1.46 £ 0.08 % strain. Tgowtn= 1710 °C. g) Large scan of the flake
where the largest period Moiré pattern was found. Amorphous carbon deposits attached to step
edges run diagonally across the image. A blue box on one of the terraces indicates the area where
the image in (h) was obtained. h) The 75 nm period Moiré pattern extends over a 1 pm? area. A few
topological defects are indicated by white arrows. i) Higher magnification image extracted from
the area in blue box in (h). Blue line indicates the path of the profile shown in (k). The height of the
domain walls is ~50 nm. ) Sequence of zoom-in optical microscopy images showing the location
of the flake with the 75 nm Moiré. Scale bars: (a-f) 50 nm, (g) 4 um, (h) 200 nm, (i) 100 nm.
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4.2 Lattice-matched graphene

As explained in the introduction, strained graphene has a lattice constant, which is
increased from a; to a; = ag + Aag . This results in a reduction of the mismatch
between the lattice constants and an increase in the period of the Moiré pattern.
Equation 1.14 shows that in the limit when a; = aygy the Moiré period diverges. In
this section we show hBN flakes covered in graphene grown at a substrate temperature
of 1675°C, close to the substrate temperature limit of the MBE system, which exhibit
Moiré patterns with periods that effectively diverge. This indicates that the graphene

is strained up to a condition where it matches the hBN lattice.

Figure 4.5a shows a large scan of a region on one of the flakes where Moiré patterns
with divergent periods were found. Carbon deposits are formed on a series of hBN
step edges that run across most of the flake. Their morphology is similar to that of
deposits formed on step edges found on other samples. Deposits on defects are also
present. The two squares in green and blue respectively indicate the scan areas of Figs
4.5b and ¢ which show the two terraces in more detail. A higher magnification image
taken from the rectangular area indicated in green is shown in Fig 4.5d. The Frenkel-
Kontorova walls that appear as bright topographic lines form distorted Moiré patterns
around the edges of the image. These Moiré patterns are connected with a network of
Frenkel-Kontorova walls that run hundreds of nm along one of the specific
crystallographic directions with a relative orientation of 120°. The typical separation
between walls is 100-200 nm and their widths are highly uniform. Many of these
Frenkel-Kontorova walls terminate at specific points instead of connecting to other

walls.

Figure 4.5e, extracted from the terrace located in the centre of Fig 4.5c shows another
area with the same features but in this case, there is a large region in the centre of the
image where the separation between lines is ~500 nm. We argue that these regions
between Frenkel-Kontorova walls, where the Moiré pattern effectively diverges,
correspond to lattice-matched graphene on hBN. Later in this chapter, AFM lattice
resolution images show that the points where the domain walls terminate, correspond

to defects in the graphene lattice.
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The phase channel image in Fig 4.5f shows Moiré patterns and the Frenkel-Kontorova
domain walls in relation with the carbon deposits. The image was obtained from the
same area as the topographic image in Fig 4.5c. Figures 4.5g and h were extracted

from nearby areas on this flake.

Figure 3.5i shows the same hBN terrace in Fig 4.5¢ and f approximately two months
after the previous images were taken. The terrace in the middle of the image remains
intact, but the two neighbouring terraces above and below display cracks (meandering

black lines). A series of zoom-in images in Figs 4.5j and k (purple and yellow squares)

show the bottom terrace in more detail.

Figure 4.5: AFM images of a hBN flake on a sample grown at 1675 °C exhibiting Moiré patterns
with divergent periods. All images correspond to the topography channel except (f) which is an
amplitude channel image. a) Large scan of the flake. A series of step edges with amorphous carbon
deposits are distributed along the surface of the flake. Blue and green squares denote respectively
the areas where (b) and (c) were taken. b-c) Higher magnification images of these terraces and the
areas between them. A few deposits at defects can also be appreciated. The green rectangle in (b)
indicates the scan area of (d) and the blue square in (c) indicates the area shown in (e). d) Distorted
Moiré patterns lie on the bottom corners and at the top of the image. In the areas unoccupied by
these distorted Moiré patterns we can observe bright topographic features i.e. F-K domain walls
running along specific crystallographic directions with a relative orientation of ~120°. The widths
and heights of these features are highly uniform. Although all the domain walls are connected to
each other or to a Moiré pattern, some of them have an end that terminates abruptly. e) Similar
features are found in an area on the neighbouring terrace. In this case there is an area of ~ 500x500
nm? between walls. f) Amplitude channel image showing the location of features described with
relation to the carbon deposits on the step edges. The area approximately matches the area covered
by (c). g and h) Similar features found in a nearby terrace. Profile in (g) shows that the height of the
wall measured is ~90 pm. i) Image taken approximately 2 months after the previous showing in the
centre of the image a terrace with no cracks while the graphene layers in neighbouring terraces
above and below are cracked. j and k) Sequence of zoom-in images of one of these cracks. Scale
bars: (a) 5 um, (b and c) 1 um, (d, e, g and h) 200 nm, (f) 1 um, (i) 1 pm, (j) 500 nm, (k) 100 nm.
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Lattice resolution AFM images, shown in Fig 4.6, were taken from another flake in
the same sample grown at 1675 °C, after various failed attempts on the flake described
in Fig 4.5 resulted in cracking and relaxation of graphene layers. Figure 4.6a shows a
topographic image in AC mode of the region where these images were obtained. The
region is located on a terrace surrounded by amorphous carbon deposits on hBN step
edges, similar to the regions shown in Fig 4.5. Figure 3.6b corresponds to the phase
channel of the image in Fig 4.6a. Small additional layers emerging from carbon
deposits as well as the Frenkel-Kontorova-like domain walls, in darker contrast, can
be appreciated. In Fig 4.6c a higher magnification phase channel image allows a
clearer view of the domain walls. The blue box indicates where the image in Fig 4.6d

was taken.

The bright topographic features i.e. F-K domain walls observed in this flake exhibit
the same morphology as those in Fig 4.5. A profile (Fig 4.6f) along the path identified
in Fig 4.6d shows an apparent height of 40 £ 4 pm and a FWHM of 21 + 2 nm as
measure in AC mode, while in contact mode the apparent height is ~64 + 4 pm and the
FWHM is 6 = 0.5 nm. These differences arise from the different scanning modes
employed. In the case of AC mode the AFM tracks contours of constant amplitude
while in contact mode the contours are of constant cantilever deflection. An image
with lattice resolution (Fig 4.6e) of the area highlighted in Fig 4.6d where one of the
F-K domain walls terminates shows that the lines are oriented at 30° to the lattice

vectors of graphene. These directions are overlaid on Fig 4.6e.

A schematic cross-section of an F-K defect is shown in Fig 4.6h. Here the periodic
potential minima on the hBN are represented by the red sinusoid, while the filled black
circles correspond to carbon atoms. At the edges of the schematic the carbon atoms sit
in their preferred positions above the potential minima arising from the hBN substrate,
but at the centre there is an extra row (viewed in cross-section) of carbon atoms. Thus,
the lattice constant varies across the graphene and is larger at the centre of the Moiré
cell than at the edge. If the assignment to F-K defects is correct we expect that the
bright topographic lines can only terminate at the origin of an edge dislocation in the
graphene lattice. This is confirmed by a high-resolution AFM image (Fig 4.6g) in
which a hexagonal closed path with edges corresponding to 17 lattice constants is

overlaid on the image. The start and end points of the circuit, marked by the yellow
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and red points on the circuit, do not coincide. The difference between these points
corresponds to the Burgers vector for a defect enclosed by the path which has a

magnitude equal to one lattice constant and is oriented normal to the bright topographic
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Figure 4.6: AFM images of highly strained graphene and lattice-matched regions. a) Topographic
image acquired in AC mode of a terrace containing a highly strained graphene region. b) Phase
channel image of the same area shown in (a). ¢) Phase channel image obtained in AC mode extracted
from the area marked with a green square in (b). d) Topographic image acquired in AC mode of a
highly strained graphene region, obtained from the area indicated with a blue square in (c). High
contrast lines correspond to Frenkel-Kontorova-like domain walls. e) Contact mode topographic
image of the area marked with the black rectangle on d showing the end of the defect line. The
green, blue and purple arrows indicate respectively, the directions of the unit cell vectors, the defect
line and the measured Burgers vector corresponding to an edge dislocation. The white hexagon
indicates the path used to obtain the Burgers vector. f) Height profile on path marked by blue line
on d and along the path marked in red in (e); g) Lattice resolution image (contact mode, deflection
channel) of the end of the defect line. The image is 70° clockwise rotated with respect to (e). The
dots with darker contrast are the gaps in the lattice, namely the centres of the graphene hexagons.
Those centres coloured in white indicate the Burgers path, which consists of steps over 17 lattice
constants along each side of the hexagon, starting at the red dot and finishing at the yellow one. The
fact that these two points are not coincident indicates that there is an enclosed dislocation. Inset on
top-right shows a schematic of the graphene lattice. Inset on top-right shows a schematic of the
graphene lattice with the same orientation. h) Schematic vertical (and perpendicular to the ridge)
cut of the graphene lattice (black dots) with the potential generated by the hBN lattice (red line).
The graphene is strained and matches the hBN lattice on each side of the dislocation line. Scale bars:
(@) 1 um, (b and c) 500 nm, (d) 200 nm, (€) 5 nm, (g) 2 nm.
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lines. This observation provides direct confirmation that a commensurate-
incommensurate transition®® occurs and that the sources of network lines correspond
to the introduction of an additional row of carbon atoms. The central regions of
graphene in Figs 4.6d are thus lattice-matched to hBN with strain relief in the
neighbouring regions provided by point-like defects which act as the source for
additional rows of carbon atoms.

The Raman spectra in Fig 4.7 were acquired by Andrew Davies from the University
of Nottingham at the locations of the corresponding AFM images with Moiré patterns
with periods (Figs 4.7a-d) of A; =14.2 £0.7nm, 32£2nm, 50 + 3nmand 75 + 4 nm.
These periods correspond respectively to strains of 0 £ 0.1%, 1.01 = 0.06%, 1.30 £
0.07% and 1.46 + 0.08%. Raman spectra from an area with lattice matching material
shown in Fig 4.5e, were also acquired. From the background, the strain in this case is
given by & = 0.018. We made sure that the AFM and Raman data corresponded to the

same areas by taking nearby carbon deposits as a reference.

As expected,®-8 the presence of strain leads to pronounced changes in the spectral
features. In Figs 4.7a-d there are three peaks in the 2D band of the Raman spectra, two
of which (here referred to as 2D and 2D77) are red-shifted relative to unstrained
relaxed graphene. A third peak, 2D, is associated with the presence of turbostratic
graphene aggregates which co-exist with monolayer graphene in some regions of the
surface. The two red-shifted peaks were previously assigned® to strained graphene on
hBN, and the spectra in Fig 4.7 show clearly that the trend for increasing red-shift of
the 2D and 2D+ bands with increased Moiré period continues beyond the previously
reported®® limit of Ag = 30 nm. The Raman spectrum shown in Fig 4.7e is qualitatively
different; here we find a highly red-shifted, mono-lorentzian 2D peak at 2460 cm™1,

and both the 2D7 and 2D,, bands are absent. In addition, we observe a clear red-

shifted G peak, referred to as G, at 1488 cm™1. Remarkably, the complex splitting
and broadening which is present in Figs 4.7a-d evolves into Raman peaks in Fig 4.7e
which are much narrower with full-width half maxima (FWHM) of 22 and 13 cm™!
((2D¥) and G+, respectively), close to the values observed for high quality exfoliated
graphene®!.
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Figure 4.7: Raman spectra showing the evolution of the red-shifting G and 2D bands with increasing
Moiré periodicity. The black lines are experimental data and the overlaid light blue line is a multi-
Lorentzian fit to the 2D region; (a)-(d) have two red-shifted components (the red curves) and a third
unshifted band (dark blue) arising from carbon aggregates whilst (e) has a single red-shifted band;
In the G region there are two red-shifted peaks (one in (e)) together with the unshifted G and D’
peaks from the carbon aggregates ((b)-(e) only). Inset Figures show the AFM image recorded in AC
mode in the vicinity of the location where the Raman spectrum was obtained. The Moiré period As
ranges from 14.2 + 0.7 nm for unstrained graphene on hBN (a) up to 75 + 4 nm in (d) and effectively
diverges in (e) where the defect lines are topologically modified. The percentage of overall strain is
indicated next to each spectrum. Scale bars are 100 nm.
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These observations provide direct evidence that the local environment of carbon atoms
iIs much more uniform in regions such as in Fig 4.7e. Note that a graphene sheet
subjected to isotropic strain would be expected to exhibit Raman peaks which,
although shifted in energy, would not undergo splitting due to the absence of symmetry
breaking. Such spectra have been reported for a graphene membrane under hydrostatic
pressure* and, for a quoted strain of 1.8%, are very similar to those observed in Fig
4.7e although our measured values of FWHM are significantly narrower. We also note
that the relative intensity I2DT+)/I(GTt) = 3.8, close to the value observed for
exfoliated monolayer graphene®!. Several other peaks are present, like the hBN E,,
phonon mode, at 1366 cm™?. The spectra in Fig 4.7a-d show a Gt peak associated
with strained graphene (present as a shoulder on the Gt peak), and other peaks

associated with the presence of turbostratic graphene - an unshifted G4 peak (at ~1585

cm™1), a D shoulder on the hBN peak (at ~1350 cm™?), and a D’ shoulder on the
unshifted G peak (at ~1625 cm™1).

At low red-shift the 2D peak has a higher intensity than the 2D+ peak (Fig 4.7), but
is weaker for higher red-shift. Summerfield et al. suggested® that the 2D and 2D+
bands could arise from, respectively, the centre of the Moiré cell where the strain is

isotropic®® and the edges where it is uniaxial.

In Fig 4.8a we compare the measured dependence on strain of the intensity ratio,
[(2DT)/1((2D++) with a simple model which assumes that the edge region has a fixed
width, d, independent of the strain and that the ratio of the intensities of the 2D} and
2D+ peaks is equal to the ratio of the boundary and central regions of the Moiré unit

cell. For a Moiré pattern with period As the intensity ratio is given by:

I2D1)  (As—d)? (s —d)?
I2D 1) A2 —(As—d)?2  d(2s — d)?

2
Noting that A = SaGa—GAaG with 8a; =(apgn—ag) and Aag =(agser—ac unser):
12D 1) a2(1—d(8a; — Aag)?/a%

12D 1)  d(2(8ag — dag) — d(Sag — Aag)?/a2)
In the limit where da; — Aag; and assuming that Ag >> d, the expression reduces to:
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12D 1) ag
12D t1) ~ 2(8ag — Aag)

The intensity ratio is expected to diverge as the strain approaches the lattice-matching
condition. This is consistent with our observations and a fit to the data in Fig 4.8 gives
a value of 1.9 = 0.1% for dag/ag, close to the expected value, 1.8%. Note that for
lattice-matching the fraction of material at the edge regions is negligibly small and the
associated 2D+ peak is no longer present, as observed in Fig 4.7e. We also assign the
GT and Gt features to the two different graphene environments (centre and edge of

the Moiré cell respectively).
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Figure 4.8: Raman analysis of the transition to lattice-matching. a) Ratio of the Intensities of the two
2D Raman bands as a function of strain (estimated from the Raman peak position). The red line
shows a fit of the data to a model based on our assignment of the two bands to the centre (2D+) and
edge regions (2Dt1) of the Moiré pattern (inset and Sl). b) Position of the two 2D bands plotted
against each other from samples grown at temperatures ranging from 1425 °C to 1710 °C. The red
line shows the trend for strains up to 1.3%. ¢ and d) Statistical analysis of peak fitted Raman spectral
maps for the 2D7 band. ¢) False colour maps of @ (2Df), Scale bars: 5 um, whilst (d) shows
frequency distribution histograms of the same data. The red line shows a bi-Gaussian fit. The effect
of temperature on the position of the most red-shifted Gaussian domain (indicative of strained
graphene), is shown in (e).

An interesting critical behaviour is revealed in Fig 4.8b, which shows a scatter plot of
the Raman 2D peak position shifts, w(2Dt) and o(2D7+). For strains up to ~1.3%,

which corresponds to A ~ 50 nm, we observe a linear dependence (red line), followed
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by an abrupt change in gradient for higher strains. We suggest this change occurs when
the average strain is sufficiently high for the graphene at the centre of the Moiré cell
to be lattice-matched with the hBN substrate. This change in gradient would imply that
the strain at the centre of the Moireé cell is close to 1.8% when the average strain is
1.3%, while the strain at the edges will be < 1.3%. Further increases of the average
strain beyond this value results in an increase of the fraction of the Moiré cell area
which is lattice-matched, but the maximum strain, and therefore the 2D1 Raman shift
will remain approximately constant. In contrast, the strain at the edges, and the red-
shift of the 2Df{ Raman peak, will continue to increase until the average strain is
~1.8% at which point the Moiré period diverges, the edge regions effectively disappear

and the 2D 7 peak loses intensity and merges with the 2D7 peak.

Nevertheless, since the contribution of the D’+D peak to the Raman spectra is not
considered and the 2Dag peak is not fully measured due to the range of the Raman
spectra taken (Fig 4.7), the deviation of this trend at 1.3% could be due to issues around
fitting the three peaks. Besides, for strains ~1% or lower, the 2D, 2D1 and 2D,

peaks are clustered together in a single peak (Figs 4.7a and b) which may affect to the
reliability of the data for strains below 1% in Figs 4.8a and b.

The dependence of the strain on the growth temperature was extracted from Raman
maps of the sample as shown in Fig 4.8c. Raman spectra were acquired at each point
(in a square map of dimensions 32 x 32 um?) and the band position, © (2D7), was
extracted using a fitting procedure for samples grown at temperatures between 1425
and 1710 °C. For selected growth temperatures in Fig 4.8, spatial maps of o(2D¥)
show regions of highly strained material (red) co-existing with regions (blue) where
the strain is much lower. From our AFM scans we believe that the bluer regions
correspond to areas of graphene which were initially strained but relaxed post-growth
through the propagation of cracks. For each temperature we also show a histogram of
the number of pixels with a given value of w(2D+) revealing a bi-Gaussian distribution
corresponding to strained and relaxed graphene. In Fig 4.8e the extracted mean peak
position of the strained material confirms a systematic increase in the Raman shift (and
strain) with growth temperature up to ~1600 °C. Above this temperature ©(2D7) is
approximately constant (ca. 2460-2480 cm™1) indicative of lattice-matched graphene

at the centre of the Moiré cell.
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4.3 Cracked layers, additional layers and other features

Figure 4.9 shows images of a flake where a 14.1 + 0.7 nm and a 25 = 2 nm period
Moiré were found. The graphene was grown at a 1520 °C sample temperature. In Fig
4.9a a 10x10 pm? image of the flake surface shows a series of carbon deposits. The
approximate widths and heights of these deposits are respectively ~500 nm and ~150
nm. The green square in Fig 4.9a marks the area between deposits where the image in

Fig 4.9b was taken.
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Figure 4.9: AFM topographic images of a various features on a hBN flake in a sample grown at
1520 °C. Images a to c are a series of zooms-in in the regions indicated by green squares. a) 10x10
Mm? image of the flake shows large carbon deposits. In this case there are no hBN thermal cycling
wrinkles. b) A 1x1 pm? where the surface rugosity has been subtracted shows the Moiré pattern
along the area. Purple circles indicate topological defects. ¢) Moiré pattern in detail with the periods
of the Moiré pattern in each direction indicated. d) A crack in a nearby area. The Moiré pattern in
the domain above the crack remains quite regular while in the region below the Moiré is distorted
shifting orientation as we move from left to right. e) A closer look in the area shows that the domain
below the crack preserves an overall strain (~0.7%) in the direction parallel to the crack with a 22
+ 2 nm Moiré in this direction. The domain above the crack presents a regular 14.1 £ 0.7 nm Moiré.
Profile with path indicated by a blue line shown in (i) indicates that the crack has a depth
corresponding to a graphene monolayer. f) An island with hexagonal edges on the same flake. The
profile in (j) indicates that the island is formed by a second and a third layer. The Moiré pattern in
the island, is roughly aligned and has a similar periodicity to the 25 + 2 nm Moiré of the first layer
below. The contrast has been adjusted in order to observe both the first layer and the island Moiré
patterns. g) Higher magnification of the island shows the pattern on the whole surface of the island.
h) Zoom-in image in the area indicated by purple square in g. White arrow points at a defect. Scale
bars: (a) 2 um, (b) 200 nm, (c) 40 nm, (d) 200 nm, (e) 40 nm, (f) 100 nm, (g) 60 nm, (h) 20 nm.
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The 25 + 2 nm Moiré pattern extends over the whole 1x1um?2scan area in Fig 4.9b.
Purple circles highlight two topological defects. A higher magnification image in Fig
4.9¢ shows the Moiré pattern in more detail. The periods of this Moiré in each direction
are very close which indicates that the overall strain is approximately isotropic. Figure
4.9d shows two graphene domains separated by a gap on an area ~15 um above the
area where image c was taken. This gap is most probably a crack formed after growth.
The Moiré pattern in the area above the gap is 14.1 £ 0.7 nm parallel to the crack.
Below the gap the Moiré pattern in the direction parallel to it is 22 £ 2 nm and in the
other two direction is 15.1 + 0.8 nm and 16.4 = 0.8 nm. This gap is the upper limit of
the strained domain shown in Figs 4.9b-c. The depth, measured with a profile taken
along the path in blue and shown in Fig 4.9i is ~0.35 nm, corresponding to a graphene

monolayer while the width is ~40 nm.

Small (~200 nm) multi-layered graphene islands have been observed. Figures 4.5f-h
show an island found in the strained domain, below the crack previously described.
The edges of this island form a hexagon and seem to run in parallel to the walls of the
Moiré pattern corresponding to the armchair direction. Small ~0.5 nm high carbon
deposits lie on four of the six corners of the hexagon. A larger carbon deposit (~ 4 nm
high) lies on the bottom left corner. The period and the orientation of the Moiré pattern
on the island roughly match the period and orientation in the first layer, although the
Moiré observed on the top of the island is very distorted. The height of the island ~0.7
nm was measured with a profile, shown in Fig 4.9j and corresponds to two additional
graphene layers. The top layer of the island is therefore a third layer. The step is very
sharp and no surface of the second layer is exposed.

We believe that the additional layers in this island are strained in a similar manner as
the first layer, since if they were relaxed, conforming to the relief of the Moiré pattern
of the first layer, we would see an additional Moiré pattern. Interestingly, from the size
and shape of the pattern, which can be observed in detail over the whole island in Fig
4.99, it seems like the strain close to the right and left sides of the island, in the vertical
direction is larger than in the horizontal direction while close to the up and bottom
sides of the island the horizontal strain seems larger than the vertical direction. Figure
4.9h shows the Moireé pattern in the centre of the island in more detail. A defect where

a domain wall ends up abruptly is indicated by a white arrow. The mechanism by
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which the island was formed may involve a larger growth rate of the top layer (third
layer) compared to the second layer. Otherwise, the surface of the second layer would

be partially exposed.

An island formed also by two additional layers with

hexagonal edges was found in another sample grown
at 1520 °C (Fig 4.10). The height was also measured
by a profile shown in the inset. The path is indicated
in green. The Moiré pattern in the top layer, which is
also a third layer has the same periodicity as the
Moiré in the surroundings with ~15 nm period in two

of the directions and ~19 nm in the third direction and

Figure 4.10: A hexagonal island

with a third layer on top similarto  js aligned with it. The edges of the island run also
the one described in the previous

Figure found in another sample — approximately parallel to the walls of the Moiré
also grown at 1520 °C. Moiré L ) )
pattern on top ~19 nm. Scale bar:  Pattern and carbon deposits, in this case ~2 nm in

40 nm.

height lie as well on most of the corners of the island.

Cracked layers are often found in flakes with a low density of carbon deposits on
samples where graphene was grown at high temperatures. This supports the hypothesis
of carbon deposits playing a role in the preservation of strain. Figure 4.11 shows
images of flakes with cracked layers on a sample grown at 1630 °C. Figure 4.11a
corresponds to a 10x10 pm? phase channel image where a few deposits are mostly
located in the lower left quarter. Squares coloured in yellow blue and green indicate
respectively the areas where Figures 4.11b-d were taken. Images on Figs 4.11e-f were

taken from cracks in another flake of the same sample with cracked layers.

Contrary to the case of the crack in Fig 4.9d-e, the widths of the gaps between layers
shown in Fig 4.11 are not constant (green and blue arrows in 4.11b) and in some cases
the Moiré varies orientation leading to areas with a larger Moiré and strain (white
arrows in Fig 4.11b and g). We can infer that the right-hand side of layer, past the
narrow neck, is pushed downwards or rotated clockwise with respect to the left-hand

side.
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Figure 4.11: Images of cracked graphene layers on a sample grown at a high temperature 1630°C
with an insufficient amount of carbon deposits to hold the strain. Image (a) corresponds to the phase
channel while the rest of the images correspond to topographic. In (a), yellow, blue and green
squares indicate the areas where (b), (c) and (d) were respectively taken. In this flake, some Moiré
patterns appear rotated with respect to each other at opposite sides of the cracks or even shift
orientation along the layer, as indicated with white arrows show in (b) and in the higher
magnification image in (g) extracted from the area indicated by the rectangle in magenta. Green and
blue arrows in (b) point respectively at a region with horizontally strained graphene and an edge
where the layers connect. Scale bars: (a) 1 um, (b) 200 nm, (c-f) 100 nm, (g) 70 nm.

Figure 4.12 shows images of another flake in the same sample where a crack close to
carbon deposits generates other areas of anisotropically strained graphene. A V shaped
line of deposits (Fig 4.12a) was formed on a hBN step edge. There are also a few
carbon deposits formed on hBN defects in the centre of the image. Figure 4.12b,
corresponding to the phase channel of the same image, reveals the graphene cracks
formed post-growth. In Figure 4.12c (from purple square in Fig 4.12b), we can
examine the area between deposits in more detail. Additional graphene layers emerge
from the step edge and from the carbon deposits next to it. The numbered arrows on
the image indicate the location where the images in the next rows in the same figure
where taken. The path of the crack in has been highlighted with a black curve in the
up-right quadrant of Fig 4.12c.
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Figure 4.12: Images of a flake with a series of interesting features. The sample was grown at
1630°C a) Large scan topographic image of an area with a V-shaped carbon deposit on step edge
and a few other deposits. b) Phase channel image corresponding to a, allows to observe graphene
cracks in the surface. ¢) Higher magnification image obtained from the area indicated in (b).
Additional graphene layers emerging from the deposits on step edge and hBN defects. Numbers
indicate the areas where the images in the next rows where taken. Black meandering line highlights
the path of the crack. d) Phase channel image of carbon deposits from which additional graphene
layers emerge. e) Image taken from area marked with a green square in (d). A third graphene layer
with circular edges lies on the surface of a second layer with a larger surface. Line indicates path
of profile shown in (g). f) Higher magnification image of the island. The Moiré patter is aligned
with the pattern of the layers below and has the same periodicity. Small ~4 nm carbon deposits are
found on the edges. g) Profile showing the ~0.35 nm height of the second and third layers. h) Phase
channel image. Additional layer emerging from the step edge carbon deposit. The distorted Moiré
pattern and a nearby graphene crack are also present. j) Zoom-in image extracted from the centre
of (i). The distorted Moiré pattern has the same shape in both first and second layers. Arrows
indicate periods in each direction. Blue line denotes the path of the profile in (k). k) Profile
indicates height of a graphene monolayer. 1) Area between carbon deposits with a semi-horizontal
crack running through the middle of the image. The crack also runs below a second graphene layer
in the up-left corner. m) Graphene layer anisotropically strained displays a wave-like Moiré
pattern. Above the crack, lies a ~14 nm Moiré graphene layer. n) Higher magnification scan shows
the Moiré pattern in more detail. The profile extracted from the area is shown in (0). 0) Profile
indicates that the relief and the periodicity of the Moiré are respectively 40 pm and 15.8 nm. Scale
bars: (a-b) 1um, (c) 400 nm, (d) 200 nm, (e) 60 nm, (f) 30 nm, (h) 200 nm, (i) 70 nm, (j) 20 nm,
(1) 100 nm, (m) 40 nm, (n) 20 nm.
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Row 1 displays images of two carbon deposits (at right-up corner and at bottom in Fig
4.12d) and the additional layers emerging from them. Figure 4.12¢, taken from the area
marked by a green square in Fig 4.12d, shows a third layer island on top of the second
layer. Green line indicates the path of the profile in Fig 4.12g, which denotes a ~0.4
nm height on each step. Although distorted, the Moiré pattern can be distinguished on
this third layer (Fig 4.8f). It has the same ~14 nm period as the pattern in the second
layer and it is aligned with it. The magnitude of the Moiré period in this area indicates

that the graphene is approximately overall relaxed.

Row 2 shows images of a secondary layer that has emerged from the V-shaped line of
carbon deposits. Figure 4.12h corresponds to a phase channel image showing the
location of the additional layer next to the line of carbon deposits. The crack close to
the bottom-right corner and a distorted Moiré pattern can be appreciated. The green
square indicates where Fig 4.12i was taken. The second layer has a round edge with
no appreciable deposits. Small additional layers decorated with ~4 nm high carbon
deposits are distributed along the edges in a C shape. The Moiré pattern is highly
anisotropic in both the first and secondary layers. Figure 4.12j shows in more detail
the edge of the island. The image was taken from the central area of Fig 4.12i. The
Moiré on the island, with a brighter contrast in the left side of the image, not only has
the same periodicity along the different directions but is in phase with the Moiré of the
first layer on the right hand side of the image, i.e. the first layer. A profile shown in
Fig 4.12k (path indicated in blue in Fig 4.12j) confirms the ~0.35 nm height of a single
graphene layer. The arrows indicate the Moiré period in each direction. The shorter 14
nm Moiré direction (white arrow) runs approximately parallel to the direction of the
closest trajectory from the carbon deposit the crack. Moreover, this shorter period runs
roughly perpendicularly to the step edge covered in carbon deposits. Therefore, we can
infer that the strain has been preserved by the carbon deposits located in parallel to the
direction of the step edge.

Row 3 shows an area around the crack show in Fig 4.12c, close to carbon deposits on
a step edge. Fig 4.121 shows the crack in the centre with additional layers that emerge
from nearby carbon deposits at some corners of the image. A higher magnification
image in Figure 4.12m reveals a wave-like slightly curved Moiré pattern on the area

below the crack and between deposits. On the up-right corner of the domain, next to
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the crack, the Moiré recovers a recognizable shape. In the region above the crack the
graphene shows a 14 nm Moiré pattern. Figure 4.12n shows the Moiré pattern in higher
magnification. A profile taken along the direction approximately perpendicular to the
crack, marked with a yellow line, indicates a 15.8 + 0.8 nm period. From the shape
and orientation of the pattern, we can infer that the carbon deposits, located both on
the step edge line and on the hBN defect are maintaining the strain of the graphene
layer parallel to this direction, while in the perpendicular direction the layer is almost

overall relaxed.

Carbon deposits can give rise to other interesting features. A sample grown at ~1700°C
presents narrow carbon deposits that originate from larger deposits on defects and step
edges and form meandering lines. Figure 4.13a shows a 10x10 pum? area covered in
these elongated deposits that, in some cases run along distances up to ~4 um. White
arrows in Figs 4.13a indicate a few of them. If we follow their path we can see them
split into two, end up adsorbed by larger carbon deposits or reduce progressively their
width until they vanish (with a shape similar to a spike). In Fig 4.13b we can observe
two of them, marked with white arrows emerging from a step edge deposit marked
with a green arrow. A profile taken from Fig 4.13b crossing both a step edge and a
narrow deposit is shown in Fig 4.13g for comparison of their dimensions. Figure 4.13c
shows an area where one of these narrower deposits emerges from a carbon deposits
on a defect. The contrast has been adjusted so the narrow deposit is visible. The pink
square indicates the area around the end of the narrow deposit where Fig 4.13d was
taken. This image corresponds to the phase channel. The narrow deposits seem to be
in contact with another deposit but does not merge with it. Instead, it advances ~500

nm further up where it forms the spike.

Figure 4.13e, taken from the area indicated by the green square in the previous image
allows the resolution of the spike and the underlying Moiré pattern. In most cases, the
patterns bend towards the spike and remain misoriented at opposite sides of the deposit
(white arrows). The misalignment between the Moiré patterns at opposite sides of the
narrow deposits remains several micrometres away from the spike. A further

magnification scan shown in Fig 4.13f, reveals a topological defect located precisely
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emerge from the usual larger deposits on defects. These deposits can connect larger ones or end up
abruptly forming a spike, micrometres away from where they emerged. b) Two narrow deposits
(white arrows) emerging from a step edge deposit (Green arrow). Blue line indicates path of the
profile in (g). ¢) Narrow deposit emerging from a deposit on a defect. The large diagonal line
corresponds to a hBN thermal cycling wrinkle. The contrast has been adjusted in order to see the
narrow deposit crossing the centre of the image. Pink square marks area where the image in (d) was
taken. d) Phase channel image of the end of a narrow deposit forming a spike. e) Moiré pattern
around a spike. The orientation shifts towards the spike as we approach to it leaving the pattern
misoriented at opposite sides of the deposit. f) Higher resolution image taken from the centre of ()
showing a topological defect right at the tip. g) Profile extracted from (b) allows a comparison of
the dimensions of a step edge deposit, ~160 nm in height and ~500 nm in width, with a narrow
deposit ~40 nm in height and ~150 nm in width. h) Another example of these spikes in a different
flake, also displays a shift in the orientation of the Moiré and a topological defect. i) A less likely
case where the Moiré is not misoriented. Nevertheless, the defect is also present. Scale bars: (a) 2
pm, (b) 1pm, (c) 1 pm, (d) 200 nm, (e) 100 nm, (f-i) 50 nm.

on the tip of the spike. Figure 4.13h illustrates another spike feature with two rotated
Moiré patterns around it. An exception of this feature is show in Fig 4.13i where a

defect adsorbs a Moiré row but there is no significant rotation of the pattern.
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Additional graphene layers are also found emerging from these deposits. In Fig 4.14a
a narrow deposit runs diagonally across the image. The morphology of the deposit can
be appreciated in a higher magnification topographic image in Fig 4.14b, taken from
the area indicated with a blue square. Figure 4.14c shows the same area in the phase
channel. The additional graphene layers lie at both sides of the narrow deposit. The
green, turquoise and yellow squares denote the scan areas of Figs 4.14.d, eand f. The
edge of an additional layer, in the top-right area of Fig 4.14d exhibits a Moiré pattern
aligned, with the same ~14 nm periodicity and in phase with the Moiré pattern of the
first layer, as we usually find in additional layers emerging from conventional carbon
deposits. Interestingly, the height of this additional layer and of the other layers
emerging from the narrow deposit in the area covered by the image in Fig 4.14b are

~0.7 nm, corresponding to two layer graphene. Figures 4.10e and f show the slight

rotation of the ~14 nm Moiré pattern at opposite sides of the narrow deposit.

Figure 4.14: Images of a narrow deposit with additional graphene layers emerging from both sides.
a) Topographic image shows the area where the narrow deposit lies. b-c) Topographic and phase
channel images extracted from the area indicated by the blue box in a show additional layers at both
sides of the deposit (blue arrows). Squares in green, turquoise and yellow indicate respectively the
areas where (d-f) were taken. d) Edge of an additional double layer graphene sheet (up-right area)
with a Moiré pattern aligned with the same ~14 nm period and in phase with the first layer. €) Moiré
pattern on the area located at left side of the narrow deposit. f) Same as (e) on the right-side area.
Scale bars: (a) 1 um, (b) 200 nm, (c) 200 nm, (d) 20 nm, (e-f) 40 nm.
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In some cases, graphene ribbons are formed on gaps between these narrow deposits.
Figure 4.15a shows the neighbouring area of one of these ribbons and the deposits
around it. The red square indicates the area where the phase channel image in Fig 4.15b
was taken. In this image the edges of the ribbon can be appreciated. An additional
graphene sheet with hexagonal edges lies at the top. In Fig 4.15c a topographic image
reveals that the hexagonal sheet has two areas with different heights and a ~3 nm
carbon deposit lies on one of the vertexes. The profile in d shows that the top layer in
the ribbon is a third layer. Besides, the top layers in the hexagonal sheet are a third,
where the hexagon does not overlap with the ribbon, and a fifth where it does overlap
as numbers indicate. The Moiré pattern on the ribbon is aligned with the area belonging
to the first layer located at the right of it but misaligned ~8° with the area on the left.
Also, the Moiré on the third layer of the hexagonal sheet is aligned with Moiré at the
neighbouring first layer while the fifth layer Moiré is aligned with the Moiré in the
ribbon. Figures 4.15e and 4.15f show a ribbon in another flake with very similar

features. There are also hexagonal sheets around it with the same layer distribution.
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Figure 4.15: a) Location of a three-layer graphene ribbon. Square indicates scan area of (b). b) Phase
channel image shows the edges of the ribbon and a hexagonal sheet at the top. c) Further
magnification topographic image. Indexes mark the number of graphene layers in each area. d)
Profile along the path marked in (c). e- f) Phase and topographic images of another ribbon with
similar features in another flake. Both ribbons are ~100 nm across. Scale bars: (a) 500 nm, (b) 100
nm, (c) 40 nm, (€) 100 nm, (f) 40 nm.
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Some samples show graphene domains separated by discontinuous gaps with carbon
deposits in their edges. In Fig 4.16a one of these gaps runs across the right half of the
image while on the left a trace of carbon deposits follows the same meandering path.
As in previous figures, squares indicate the area where the next image was taken. Fig
4.16b shows in a higher magnification an area where the gap has disappeared leaving
a trace of carbon deposits and small holes. The Moiré patterns in the domains at

opposite sides of the trace are rotated ~5° with respect to each other.
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Figure 4.16: Images of two slightly rotated graphene domains partially coalesce leaving a trace of
carbon deposits and topological defects. Green rectangle and green square in (a) and (b) show the
area where the next image was taken. The sample was grown at 1630°C. The blue angle in (c)
indicates the 5° rotation between the Moiré patterns in the two domains and the arrows point at
carbon deposits located on topological defects (white) and on areas with no defect. Scale bars: (a)
800 nm, (b) 200 nm, (c) 50 nm.

As explained in the background, rotation of Moiré patterns implies that the lattices are
also rotated though a much smaller angle. Figure 4.16¢ shows topological defects
around the carbon deposits, indicated by white arrows. The periodicity of the Moiré
patterns in the two domains are roughly the same ~16 nm. The distribution of carbon
deposits on the edges of the gap (Fig 4.16a) and areas where the two domains merge
indicates that the two domains partially coalesced during growth and in this case the
gap does not correspond to a crack formed post-growth.
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Rotated Moiré patterns that coalesce leaving no gaps have been also found on other

samples. Figures 4.17a and b show images of an area on a flake in a sample grown at

1500 °C where two domains with slightly rotated Moiré patterns can be distinguished.

Both Moiré patterns have periods ~22 nm. One of the domains occupies an area

e -

Figure 4.17: a) Slightly rotated graphene
domains in a flake from a sample grown at
1500°C. A series of topological defects lie in
the frontier, indicated with white arrows. The
dashed line with a different colour in each
region, indicates the 12° Moiré rotation. b)
Topological defect from the area indicated
with a blue square in (a). ¢) Another example
in a different sample grown at 1675°C. In this
case three domains coalesce. The dashed line
highlights their orientation. d) In this case two
topological defect are found. One of them is
located at the centre of the image. Two cells
away in the right-down direction lies the
second one. Scale bars: (a) 100 nm, (b) 20 nm,
(c) 100 nm, (d) 20 nm.

covering the bottom left quarter of the
image in Fig 4.17a while the other
occupies the other three quarters. A series

of topological defects, indicated with

- white arrows, are distributed along the

boundary between the domains. The

’;‘. patterns merge with a ~12° rotation
& marked with the dashed line in green in

| one of the domains and in yellow in the

other. Figure 4.17b, shows in detail a
defect in the frontier. The area is indicated

with a blue square in Fig4.13a.

Figures 4.17c-d shown another example,
from a different sample grown at 1675 °C,
of graphene domains with misaligned
Moiré patterns that coalesce. In this case,
the Moiré pattern in the left region has a
~14 nm period while the Moiré pattern in

the region on the right has a ~16 nm.

There is also a third region between them, although it is more difficult to distinguish

it. The period of the Moiré in the middle region varies from 14 nm to 16 nm as we

move from left to right. The misalignment between the left and right domains is ~30

°, The dashed line in the bottom of the image goes through the three domains with a

different colour in each region. In Fig 4.17d, extracted from the area marked with a

pink square in Fig 4.17c, two topological defects are present, one in the centre of the

image, and a second, located only two Moiré cells away from the first one.
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4.4 Summary

The results show that high temperature-MBE equipped with a resistively heated carbon
filament source can be used to grow highly strained graphene on hBN. Graphene
presents complex Moiré patterns with periods whose sizes range from the ~14nm
period corresponding to the expected value for perfectly aligned unstrained graphene
on hBN, to ~75nm corresponding to an overall Aac/ac~1.46% strain. Note that here
Aag is the deviation of the lattice constant averaged over the Moiré period. A small
variation of the graphene lattice constant across the unit cell has been reported in

aligned G/hBN heterostructures®® and is consistent with our findings.

The differences in the magnitude of strain between the topographically lower regions
and the Frenkel-Kontorova domain walls give rise to split Raman peaks. The red
shifting of both peaks increases with the Moiré pattern size as a consequence of

increased strain in these regions.

Moreover, graphene layers grown at the highest temperatures ~1700 °C present
Frenkel-Kontorova domain walls, observed with AFM as topographically brighter
lines, that are broken at specific points. In the areas between F-K walls, graphene
reaches a 1.8% bi-axial strain and matches the hBN lattice. High resolution AFM
images show that the broken F-K walls contain an extra row of carbon atoms running
in parallel with them in the arm-chair direction and that the walls terminate at defects.
Layers can relax post growth spontaneously or through scratching with an AFM tip,
leaving cracked graphene layers were the period of the Moiré patterns is reduced.
Anisotropically strained graphene layers are also present, which lead to Moireé patterns
with periods that have different magnitudes in different directions.

A series of associated phenomena are also described: additional graphene layers that
conserve the Moiré pattern, coalesced graphene layers with rotated Moiré patterns and
elongated carbon deposits that end up abruptly with additional graphene layers shaped

as ribbons.

These results show for the first time lattice matched graphene on hBN grown by MBE
demonstrating the viability of this technique as a route for the introduction of strain in
graphene.
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5. Graphene growth on hBN using an

atomic carbon source

The atomic carbon source SUKO-D consists of a 50um thick tantalum tube filled with
a mixture of 2C and *3C carbon powder'*® (Fig 5.1). The tube is 2cm long with an
inner diameter of 5 mm. Once the carbon is introduced, the tube is sealed at the ends.
Inside of the MBE chamber, the ends of the tube are connected to two electrodes.
During growth, a direct current provided by a constant power output source travels
through the metal tube provided that the electric tantalum, heating the carbon at 2200
K. The carbon is incorporated into the metal in the form of a solid solution. Then the
atoms diffuse towards the external surface of the tantalum wall where they re-
evaporate as atomic carbon. Essentially, the tantalum converts the carbon clusters
inside the tube into carbon atoms before the evaporation occurs. Through this

technique we can stablish a flux of predominantly atomic carbon (C;) on the surface

of hBN.
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Figure 5.1: Schematic diagram of the novel atomic carbon source. Carbon powder is sealed into a
thin-walled Ta tube, which is subsequently heated by a DC current.
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The flux of carbon generated by this source has been studied and compared to the

carbon flux generated by a graphite rod, using He droplets pick-up technique and mass

spectrometry. The results indicate that the Ta sleeve source generates a flux of
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Figure 5.2: a) Mass spectra of helium

atomic carbon source (upper frame) and
by species evaporated by a graphite rod.
The temperature of the graphite rod is
higher for the spectrum in red. The mass
spectra of undoped He droplets was
subtracted for clarity. b) lon signals vs
He droplet size measure for C; and Csq
provide evidence of cluster formation
inside of the He droplets. Extracted from
[115].

predominantly C; while the graphite rod
produced mainly C; together with smaller
quantities of C4 (Fig 5.2a). The authors argue
that the C, and C; peaks are due to formation
of carbon clusters inside of the He droplets
and that the number of carbon clusters
increases with the number of He atoms in the
droplets, which is independent of the carbon
source itself. To support this data, they
investigated the number of C;and C; ion
counts vs the number of He atoms per droplet
(Fig 5.2b). The probability of collisions
between the droplets and carbon atoms
increases with droplet size. As a result, the
Ca3/C1 ratio should increase with the helium
droplet size if the clusters are formed in the
droplets. As can be seen in Fig 5.2b, this is

indeed the case.
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5.1 Island growth

We began by exploring the growth at ~1400 °C. The growth conditions were later
adjusted in order to obtain full coverage, slowly increasing the substrate temperature.
A series of images in Fig 5.3 show the general appearance of an hBN flake with islands
and small carbon deposits. Each image from a to d, is a double magnification zoom-in
from the previous image. The brighter contrast lines correspond to hBN wrinkles are
induced by the thermal-cycling process. The profile in Fig 5.3e shows their heights.
Many of these wrinkles run along the hBN principal axes. Figure 5.3f shows a few
profiles across deposits along the paths indicated by the coloured lines in Fig 5.3c. In
Fig 5.3d a few small islands with some carbon deposits distributed along their surface

coexist with larger islands.
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Height (nm)
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Figure 5.3: AFM topographic images of an hBN flake covered in small carbon deposits and
graphene islands. The brighter lines correspond to wrinkles of the hBN flake induced by heating,
running along hBN principal axis. An inset in image (a) shows the height of these wrinkles ~70 nm.
Scale bars: (@) 4 um, (b) 2 um, (¢) 1 um, (d) 500 nm.
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Figure 5.4 shows a comparison between AFM topographic images of graphene layers
grown on hBN flakes grown under the same substrate temperature ~1400 °C but using
different sources, the new atomic carbon source (Figs 5.4a-d) and the filament source
(Figs 5.4e-f). Both layers were grown at substrate temperature of ~1400 °C although
the times of deposition were adjusted in order to achieve a similar coverage: 5h in the
case of an atomic carbon source and 1h for the filament source. The morphology of

the layers grown on the surface shows some similarities but also differences.
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Figure 5.4: AFM topographic images of graphene layers on hBN grown at 1400°C. Images (a-C)
correspond to a sample grown using the filament source. The paths of the profiles in (d) and (h) are
indicated respectively in (b) and (f) by blue lines. Images (e-g) correspond to a sample grown using
the filament source. First and second graphene layers in (f) are indicated respectively by a red and
a blue dot. Scale bars: (a and €) 500 nm, (b and f) 50 nm, (c and g) 20 nm.

Figures 5.4a and e show topographically high carbon clusters co-existing with small
graphene islands. Higher magnification images on Figs 5.4b and f show graphene
islands in detail. Their sizes are comparable but the distribution of the deposits on their
surface quite different. For the filament source a series of deposits are situated close
to the edges of the island. The sizes of these deposits are ~20 nm across and ~3 nm
high. In the case of the filament source, a carbon deposit is typically located in the
centre of the island, suggesting that these carbon deposits act as nucleation centres.
The sizes of these deposits are considerably larger, ranging from 5 to 25 nm in height
and from 50 nm up to 100 nm width in some cases. For the particular cases shown in
Figs 5.4b and f, the deposit with the largest height on the atomic carbon source grown
island is ~ 4 nm high while the central deposit on the island grown using the filament

source is ~12 nm.
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In Figs 5.4c and g higher magnification images taken respectively from the areas
indicated by green squares on Figs 5.4b and f show Moiré patterns of 14 nm
corresponding to the value expected for unstrained graphene which is orientationally
aligned with respect to the underlying hBN. Profiles shown on Fig 5.4d and h provide
evidence for monolayer height of the graphene. Their paths are marked respectively
on 5.4b and f with blue lines. Blue and red dots on Figure 5.4f show respectively a
second and third layer where the Moiré pattern is absent, most probably due to a

rotation relative to the first layer.

Figure 5.5 shows AFM topographic images of different islands scanned on the same
sample as the flake shown in Fig 5.4a-d, also grown at ~1400 °C. These islands show
similar characteristics. They have a round shape with small deposits that tend to be
close to their edges. Most of the islands also show Moiré patterns with regular ~14 nm
periodicities. In some cases, they present second and third graphene layers (indicated
respectively by blue and red dots on Figs 5.2a and d ) and edges which meet to form a
sharp corner with a carbon deposit in the end (indicated by blue circles in 5.5b and d).
Islands and layers emerging from
deposits on step edges on some
samples discussed later, present
pointy edges much  more
developed but with the same
deposit at the tip. Most of the
islands that have a significant
fraction of the surface free of
carbon deposits, such as those
shown in Fig 5.5, have lateral sizes

~ 150 nm. Larger islands are also

present, but their surface is mostly

Figure 5.5: AFM topographic images of graphene layers . ] .
grown on hBN with the atomic carbon source at a  covered in carbon deposits as in

substrate temperature of ~1400 °C showing Moiré Fig 5.4a
patterns with ~14 nm period. The carbon deposits tend gv.4a.

to be more scattered across the graphene layers  As mentioned before, the islands
compared to those grown with the carbon filament

source, where they are more clustered around the centre ~ COexist ~ with  larger  deposits

of the layer. Some islands present graphene double and . .
triple layers (see areas indicated by a blue dots in (a) and (Figs.4a and e). Although their

(d)). All scale bars are 100 nm. lateral sizes are quite similar, the
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heights of these deposits are significantly larger when using the filament source. This
suggests that the use of the atomic carbon source would be preferable for fabricating a

cleaner graphene, which is free of clusters.

To investigate this, the maximum height of a hundred deposits (for each of the two
samples grown at 1400 °C shown on Fig 5.4) have been manually measured and are
presented as a histogram (Fig 5.6). Deposits with heights ranging from 5 nm to 25 nm
are observed for the filament source while have a peaked distribution around 3 nm in
the case of atomic carbon. Note that deposits on islands for both samples were also

included.
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Figure 5.6: Histogram of maximum height of carbon deposits for the samples shown in Fig 5.4
grown using the atomic carbon source (red) and the filament source (blue).

At a higher substrate temperature ~1560 °C islands with larger sizes (~400 nm across)
are formed. Figures 5.7a-d show examples of these islands with their corresponding
higher magnification images next to them, respectively on Figs 5.7e-f. The areas
magnified are indicated by blue squares. The deposits on the edges of the islands have
the same dimensions as the ones in the smaller islands and slightly pointed edges are
found on some of them as well, indicated by green circles on Fig 5.7b-c. On many of
these islands regular Moiré patterns with ~14 nm periodicities can be observed (Fig
5.7e).
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Other islands present dislocations where a row of the Moiré pattern terminates (Fig
5.7f) leaving Moiré cells with a local coordination of 5 and 7 rather than 6. These
dislocations have been reported before®*!® and usually appear at the frontier where

domains with rotated Moiré patterns coalesce leading to a long range curvature of the

Figure 5.7: AFM topographic images of
graphene islands grown at ~1560 °C (a-d).
Their sizes are ~ 400 nm across and their
borders are quite regular although some
pointy edges, indicated by green circles, are
also found. The blue squares indicate the
areas where the corresponding higher
magnification images (e-h) where obtained.
The Moiré patterns found on their surfaces
show different behaviours: regular Moiré
patterns (a), slightly distorted with defects
that alter the local coordination of the
Moiré unit cell (b), domains where the
Moiré pattern is absent with no trace of
defects (c) and strained ~20 nm Moirés
coexisting with rotated ~7 nm Moirés
separated by a frontier with defects. Scale
bars:(a-d) 200 nm. (e-h) 20 nm.

pattern. Figure 5.7g shows a high
magnification image of the island in 5.7c.
The Moiré pattern can only be observed in the
top side of the image. Perhaps, the graphene
layer in the bottom domain is rotated with
respect to the underlying hBN by an angle
large enough for the Moiré period to drop and
not be visible. Nevertheless, there is no sign
of any defect on the frontier which is
expected when two rotated graphene layers
coalesce. Lastly, Figure 5.7h shows a higher
magnification image from the surface of the
island in Fig 5.7d where two clearly different
Moiré patterns are divided by a vertical
boundary, as indicated by a dashed black line.
The Moiré pattern on the right hand side of
the image, which is much distorted, has
periodicities that range from 13 nm to 20 nm
depending on the direction. It appears that
there is a larger strain in the vertical direction
compared to the horizontal. Black arrows
indicate a small ~10° rotation between the
Moiré patterns at the high and low areas. In
addition, at the left side of the image a ~7 nm
Moiré pattern is present, indicated by green
arrows, which is also rotated with respect to
the distorted Moiré patterns on the right side.
Such small periodicity can only be obtained

by a ~1.5° rotation of graphene with respect
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to the underlying hBN. In this case, defects are present in the frontier between the two
domains. These are indicated by two blue circles on the lower area of the image. Moiré
patterns with periodicities larger than 14 nm have not been observed in islands grown
using the filament source. Since the distribution of the carbon deposits on the surface
of these islands was central rather than scattered along the edge, we speculate that the
deposits found on the edges of the islands play a role in maintaining the strain in a
similar way, although in a smaller scale, as larger deposits on step edges and defects

maintain the strain of full growth graphene layers on hBN.

Although many samples grown using the atomic source show islands with relatively
regular edges, on other samples we find islands were the sharp corners shown on Fig
5.8 are much more developed, forming narrow strips that emerge from the islands. At
the end of these spikes there is usually a small carbon deposit. The deposits on the
edges seem to play a role in the formation of the spikes under certain conditions. It is
difficult to find a precise reason for this modification since the growth with the atomic
carbon source has a low reproducibility and this type of island is found on all ranges
of substrate temperatures. The Moiré patterns on their surface show the same features
described earlier on islands with more regular edges. An example similar to that shown

on Fig 5.7h is also found on the surface of the island on Fig 5.8d magnified in Fig 5.8e.

Figure 5.8: a) AFM images of an islands with star-like shape. At the end of the narrow strips deposits
of ~30 nm across and ~2 nm high are usually found. Island on (c) presents a second layer with
hexagonal shape with borders running along the zig-zag direction. There is also a third layer in the
centre next to a deposit. Image (e) shows a higher magnification image taken from the area indicated
by a blue square on (d). The island presents two Moiré patterns with 15 nm and 7 nm periods rotated
with respect to each other and divided by a straight frontier. Moiré cell vectors are represented by
white arrows. Scale bars: (a-d) 100 nm, (e) 10 nm.
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The right-hand side of the image presents a rather regular ~14 nm Moiré pattern while
at the left side there is a fainter ~7 nm Moiré. The patterns are slightly rotated with
respect to each other. At the boundary between the two domains there is a continuous

distribution of defects.

Carbon deposits also nucleate on hBN step edges forming lines of several tenths of um
in length. Graphene layers emerging from these deposits can be observed. Figure 5.9a
shows two of these lines of carbon deposits running in diagonal on a sample grown at
~1400 °C. Islands with rounded edges can be observed around these deposits. The
borders of the graphene layers that emerge from them are also round, in a similar way
as the islands. A profile taken across the line of deposits, indicated by a blue line in
Fig

5.9a is shown on Fig 5.9d. The height of the line of deposits is ~8 nm high. A

higher magnification image on Fig 5.9b,
taken from the area indicated by a red
square, at the bottom of the image shows
in detail these emerging layers. The inset,

whose path is marked by a cyan line,

indicates the height of a monolayer.

Figure 5.9c shows another line of

Distance (nm)

deposits grown on a step edge on a

sample that presents islands with pointy

Height(nm)

- &l " osanceom . edges. The layers emerging from these

Figure 5.9: AFM topographic images of carbon  deposits also  present a  similar
deposits growing at hBN step edges. (a) Two of ] .
these lines running in diagonal among graphene ~ morphology. A profile with a path

islands. The path in blue corresponds to the . . . .
profile in (d). (b) Higher magnification image of  indicated by a green line shows that in

the edge of one of these lines of deposits marked . . TR
by a red square in (a). The edges of the layers this case the height of the deposit line is

emerging from the depOSi'[ line are similar to the ....4 nm. At the end Of the Sharp Cornersl
edges of islands growing from defects. A profile

along the path marked by a cyan line is shown  small carbon deposits are typically
on the inset, indicating the height of a graphene

monolayer. (c) A line of deposits with sharp  found, as discussed above.

corners. Notice the small deposits at the ends of

the spikes, looking very similar to those in the

islands described before. (a) 1um, (b) 100 nm,

(c) 200 nm.
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X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric
effect. The Kkinetic energy of an emitted photoelectron is equal to the difference
between the photon energy, and the binding energy of the electron. Since the binding
energy is characteristic of the element, this technique allows characterization of the
elements in the sample. Figure 5.10 shows wide scan X-ray photoelectron
spectroscopy (XPS) spectra over the full energy range for two graphene samples grown
with the atomic carbon source (red and blue lines) and one reference sample (green

) line). The measurements were

|

-

obtained by Professor Christopher
Mellor. A hBN/sapphire wafer was
heated in the MBE chamber up to

Rate / arbitrary units
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growth temperatures in vacuum, but
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with no atomic carbon flux. XPS

detects the elements in the uppermost
10 nm of a surface and Al, O, C, B,
1400 1200 1000 800 600 400 200 0

Binding energy / oV and N are detected on all samples.
Figure 5.10: XPS wide scan spectra over a full wide .
energy range for two graphene samples grown for 3 The XPS tantalum (Ta) signal was

h and 5 h and one reference sample. The insets show i

observed on all studied graphene
the C 1s (left) and the Ta 4d (right) high sensitivity grap
spectra for the same three sample areas. The later  layers grown with the atomic carbon

indicates the presence of Ta on all except the . . . .
reference sample. source. The right inset is a high

sensitivity spectrum for each sample over the Ta 4d spectral region, clearly showing
the Ta doublet at 231.0 and 242.5 eV on the surface of all graphene samples except for

the reference wafer. The Ta concentration was 0.2 + 0.1 atomic %.

Carbon is detected on the reference sample, but the intensity is lower and peak shape
is significantly different to the 3 h and 5 h deposited samples. The C 1 s peaks appear
at ~284.5 eV and are asymmetric to the high binding energy side, with a long ‘tail’ to
high binding energy (left inset), which is consistent with graphitic/graphene-like
bonding. (sp2 bonding), whilst the detected carbon peak on the reference sample is at
~284.7 eV and more symmetrical. The broader peak suggests sp3 bonding dominates
in this case. (For this comparison the spectra were further charge corrected to the N 1
s substrate peak at ~397.8 eV.) We propose that it is possible that some adventitious
carbon exists on the surface of the reference sample prior to heating and this has
reacted or stayed adsorbed onto the sapphire and/or the hBN surfaces.
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5.2 Monolayer growth

Samples grown with the atomic carbon source using a substrate temperature below
1600 °C are either completely covered in carbon deposits or have a partial coverage of
graphene. In the range from 1600 °C to 1680 °C full layers of graphene are found with
Moiré patterns larger than 30 nm or cracked with relaxed graphene layers. Figure 5.11
shows images of two samples (one in each column) grown consecutively at 1640 °C.
The power applied to the source was the same for both samples but the time of growth
was 5h for the sample shown in the first column while 3 h for the sample in the second
column. Figures 5.11a and d show both samples have a high coverage of carbon

deposits. The heights of these deposits compare with those discussed earlier range

ER\ Vi i | T [ B B between 5 nmand 15 nm. Areas between
‘ vy 5| N deposits are completely covered in
graphene and continuous Moiré patterns
can be seen in the phase channel images
in Fig 5.11b and e. The images are
' respectively taken from the areas
: indicated by blue squares on Fig 5.11a

and d. The Moiré patterns are highly
distorted in both samples with different
sizes and orientations along the surfaces,
: probably due to on the large amount of
deposits surrounding these areas. Higher
magnification images in Fig 5.11c and f
| taken respectively from the areas
indicated by green squares in Fig 5.11b

Figure 5.11: Imagres of two samples grown at and e show the Moire patterns in detail

1640 °C for 5 h (left column) and 3 h (right
column). Coloured squares indicate the areas
where the next images were taken. a,d) Both  Moiré vectors. These periods are
samples present a large fraction of their surface

covered in carbon deposits. b,e) Phase images  different depending on the direction in
show continuous highly distorted Moiré patterns . L . .
between deposits. ¢ and f) Moiré patterns with  €ither case which implies that the strains
periods above 30 nm, indicated by white arrows. .

Scale bars: (a and d) 1um, (b and €) 200 nm, (c are not uniform.

and ) 20 nm.

with white arrows that indicate their
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Another sample grown at slightly higher temperature, 1680 °C, shows a lower density

of deposits and full coverage but in this case the graphene layer is cracked with

domains of typical sizes ~500 nm across. Figures 5.12a and b show the same area with

the contrast adjusted to see respectively the deposits and the cracks on the surface. Fig

5.12c is a zoom of the blue square in Fig 5.12b. Figure 5.12d shows more closely a

crack in a nearby area. Although there are less big carbon deposits, there are a large

amount of small deposits of ~2 A in height partially covering the Moiré pattern. On

the upper side of the crack it can be appreciated how the orientation of the Moiré

D &

Figure 5.12: Topographic mages from a sample grown at
1680 °C showing fewer carbon deposits compared to
Figure 4.10. a) Contrast was adjusted to highlight
deposits. b) Contrast was adjusted to highlight graphene
cracks. Blue square indicates where image (c) was taken.
¢) Domains between cracks show typical sizes ~500 nm.
d) Higher magnification image showing distorted patterns
partially covered by smaller ~2 nm deposits. Above the
crack blue arrows indicate the orientational shift of the
Moiré pattern. Scale bars: (a and b) 1 um, (b) 300 nm, (d)
100 nm.
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pattern, indicated by Dblue
arrows, slightly shifts between
the areas at right and left. The
Moiré periods in this area range
from 14 nm to 18 nm. On the
other hand, the domain below the
crack on the bottom presents an
area, indicated with a green
arrow, where the Moiré pattern
acquires a wave-like shape. This
kind of Moiré pattern has been
observed before next to another
crack in a sample grown using a
filament source. In one direction
the period diverges
corresponding to strain ~1.8%
while in perpendicular to the

crack the period is ~14 nm.



5.3 Lattice matched graphene

Two samples grown at the highest substrate temperatures, 1690 °C and 1730 °C
showed flakes with lattice matched graphene. The best images were obtained from a
flake grown at 1730 °C. A mosaic image was elaborated arranging 1x1um? phase
channel images (Fig 5.13). Moiré patterns and domain walls in phase channel appear
with darker contrast compared to the background. The image shows a hBN step edge

covered in amorphous carbon running diagonally.

=5

Figure 5.13: Mosaic formed from 1x1 pum? phase channel images. A hBN step edge covered in
amorphous carbon divides two areas. Above the step, a graphene layer is cracked and relaxed
exhibiting ~16 nm period Moiré patterns in most of the areas although there are also some distorted
Moiré patterns as in the 2B quadrant. Below the hBN step, Moiré patterns only appear in small areas
around carbon deposits and lines which presumably correspond to Frenkel-Kontorova domain walls
are present leaving areas where the graphene layer is lattice matched. Interestingly, most of the
domain walls form 120° angles (indicated with white arrows) but other walls run along other
directions (indicated with blue arrows). In addition, domain walls that are not connected to Moiré
patterns or carbon deposits appear in several areas (indicated with green arrows).
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The graphene layer located above this step edge is cracked leaving isolated domains.
Most of these domains show Moiré patterns with periodicities ~16 nm, similar to
images 1A and 1B. There are also areas where the Moireé is distorted due to anisotropic
strains, as on the 2B image, next to the step edge. The Moiré also appears quite
distorted on top of a hBN bubble on 3A. These bubbles, which arise from debris
trapped between the hBN flake and the sapphire substrate, have been observed
previously and are not related to the growth of graphene. Below the step, the Moiré is
absent except around in small areas around carbon deposits, and a series of lines that
presumably correspond to Frenkel-Kontorova domain walls run along the surface.
Their lengths in some cases are up to 1um. In contrast to the domain walls observed
on lattice matched graphene obtained through the use of a filament source, these do
not always form 120° angles with other domain walls, which indicates that they do not
necessarily run along principal axis of graphene. For example, the three domain walls
located at 1C in Fig 5.13 meet at angles close to 120° with each other (indicated by
white arrows) but the domain wall that runs from the carbon deposit at 3B and
bifurcates at 2C (indicated by a blue arrow) does not run parallel to any of these walls.
Another interesting feature, not observed in the lattice matched graphene grown using
a filament source are domain walls that are not connected to any deposits or Moiré

patterns, which leaves two ends (indicated by green arrows).

A profile taken in AC mode from one of the Frenkel-Kontorova domain walls (Fig
5.14) indicates that their height is ~40 pm, which agrees with the height of F-K domain

walls on lattice matched areas on graphene grown by using a filament source.
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Figure 5.14: Profile taken across a Frenkel-Kontorova domain wall in AC mode shows a height
~40 pm. Path is indicated by green line in (a).

An area where F-K domain walls are present was scanned by James Thomas using
conductive AFM. The sample was grown using an atomic carbon source. During the
scan, the tip was kept in contact with the surface, with a constant applied force and at

constant —50 mV sample bias. The image (Fig 5.15b), is a map of the current that flows
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through the AFM tip as it scans the surface. A current profile in Fig 5.15e shows that
the current flow is increased by a factor ~3 when the probe is above the F—K domain
walls as compared with the neighbouring lattice-matched regions and even higher
where the walls terminate at defects in the graphene lattice (the bright point like
features in Figure 5.15). The path of this current profile is indicated by a blue line in
Fig 5.15b. Note that the network of domain walls is also resolved in topographic
contact mode images which are acquired simultaneously (Figure 5.15c). A topographic
height profile extracted from a contact mode image (Figure 5.15d) shows that the
cantilever probe is withdrawn by 47 £ 5 pm as it passes over the domain wall; this is
close to the effective heights determined in F-K walls on lattice matched graphene

grown using a filament source (Fig 4.6) as well as in the wall measured in this chapter

in AC mode and provides
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Figure 5.15: cAFM images showing differences in properties of graphene in the

conductivity of lattice-matched graphene, F—K lines, nanoscale regions close to the
and defects in the graphene lattice. a) Experimental

setup used for measuring the graphene electrical  domain walls. A higher current
properties. The hBN/graphene heterostructure is grown
on a sapphire substrate and followed by Ag nanowire 10w from the AFM probe to the
deposition. This provides a conducting pathway across
the insulating sapphire surface to an electrical contact
allowing the application of a sample bias and cAFM above a F-K domain wall may be
measurements to be recorded using a Pt/Cr coated tip.

b) cAFM image recorded with a sample bias of =50 mV due to a higher density of states in
showing high current flow above F-K domain walls
and very high current at bright pointlike features due to
defects in the graphene lattice. c) Contact mode AFM energy gap which is formed in
height trace image recorded simultaneously with (b).

The scale bar is 50 nm in (b-c). The colourmap contrast  lattice-matched graphene/hBN has
ranges from 0.03 pA to 0.41 pA in (b) and spans a range ) n

of 280 pm in (c). d) Height profile averaged along the ~ been predicted’” to be ~50 meV,
line with a ywdth of 20 pixels mduzated in (c): e) A close to 2ksT at room temperature.
current profile measured along the line shown in (b).
The current measured at the termination pointsis ~2.5  The lower currents measured
times the value recorded at the F—K boundaries, when

measured relative to the current within the intermediate ~ above the lattice-matched regions
regions.

surface when it is positioned

these regions. The value of the

are consistent with a lower density
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of states which might be expected in the presence of a band gap which is of order a
few times kgT. Interestingly, the lattice-matching is absent in the graphene folds which
form the F—K domain walls and the band gap in these regions would be expected to be
smaller or completely absent. Although there has been no detailed study of the
quantum properties of F—K domain walls embedded in lattice-matched graphene, the
one-dimensional symmetry is likely to promote analogies with conduction in carbon

nanotubes.

We also observe enhanced current flow close to the topological defects which
terminate the F—K lines; here the difference in conductance is much greater, six times,
than over the lattice-matched regions. From a chemical perspective, there is at least
one carbon atom which is not bonded to three neighbouring carbon atoms at these
defect sites and it is possible that these unsatisfied bonds lead to a higher local density

of states.

5.4 Summary

The results shown in this chapter demonstrate the viability of MBE growth of
graphene/hBN heterostructures by using an atomic carbon source composed of a Ta

tube filled with carbon powder.

At sub-monolayer stage, graphene islands present a different morphology compared
to islands grown using a filament source. Small carbon deposits are distributed along
the edges of the islands, in contrast to the deposits found on islands grown with a
filament which are clustered around the centre. In some cases, the edges of the islands
form narrow strips that emerge from the islands and terminate at a small carbon

deposit.

Although the Moiré patterns on most of the islands have ~14 nm periods, larger periods
(up to ~20 nm) are also present. These larger Moiré patterns, which indicate the

presence of a positive overall strain, do not appear on islands grown with a carbon
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filament. Perhaps the carbon deposits located at the edges of the islands play a role in

the preservation of strain.

In addition, few islands present coalesced graphene domains with much different
periods (for example 7 nm and 15 nm). The 7 nm period indicates that the graphene is

not aligned with hBN.

At monolayer growth most graphene layers present regular Moiré patterns with periods
ranging from ~14 nm to ~38 nm. Cracked and relaxed layers with ~14nm Moiré

periods, similar to that grown with the filament source are also shown.

Lattice matched graphene is observed on samples grown at the highest temperatures.
The Frenkel-Kontorova walls run mainly along principle crystallographic graphene

axis. Nevertheless, distorted and curved walls are also present.

Conductive AFM measurements on lattice matched layers show an increase of the
current flow at the Frenkel-Kontorova walls compared to the topographically lower
areas. This is consistent with the formation of a small band gap ~50 meV which was

already theoretically predicted.

The concentration of Ta sublimated from the source was investigated with XPS
technique. The spectrum indicates a concentration of 0.2 + 0.1 atomic %, but we cannot
determine where the Ta is located in the sample or if the Ta is involved in the formation

of deposits on the edges of graphene islands.

It is important to note that the growth with the atomic carbon source is not
reproducible. The carbon flux depends on the amount of material inside the tube,
which is spent during growth. For this reason, we find samples with different amounts

of material, even if the conditions of growth were the same.
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6. Graphene growth on hBN using an

e-beam source

In this chapter we investigate the growth of graphene on hBN using a SUKO EBVV
e-beam source. Electrons are generated by thermionic emission from a tungsten
filament. Then they are accelerated by a potential difference of 5kV between the
filament and the target and curved 270° by a perpendicular magnetic field provided by
copper coils in order to be properly directed towards the target (Fig 6.1a). Through this
process, electrons obtain a high kinetic energy which is transferred into the target
raising its temperature. In order to prevent the melting of the copper holder, the piece
is water cooled by a Q-shaped water channel.

.
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The target consists of a block of

\': pyrolytic carbon (Fig 6.1b) which
. rests the holder. Given that the carbon
. sublimes mainly around the point of
: impact of the e-beam, eroding the
surface of the target, the beam needs
to be spread around the exposed

surface of the block.

This is done by continuously
changing the magnetic field that

L =0 W .
Figure 6.1: a) Photograph of the SUKO EBVYV e-
beam. Blue arrow indicates the path of the electrons a way that the point of impact

into the crucible. b) Graphite block used as source. . o o
The surface appears eroded after use. ¢) Image of ~ describes Lissajous curves delimited

the flange extracted from the company webpage:
https://www.mbe-komponenten.de.

target. In order to achieve a roughly consistent carbon flux, the current applied to the

governs the trajectory of the beam in

by a rectangle in the surface of the

source was 200 mA when growing the first sample with a fresh target and increased

by 50mA for each subsequent sample till the material in the target was spent.
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6.1 Island growth

Graphene islands grown at the early stages with an e-beam source present a
morphology similar to the islands grown using a filament source. Figure 6.2 shows
images of a sample grown at a substrate temperature of 1400 °C for 30 minutes. On
Fig 6.2a carbon deposits along hBN step edges and spaced small ~200 nm islands are
present. The central carbon deposits of the islands and the deposits on the step edges
have heights ~10 nm. A higher magnification image taken from the area indicated by
a blue square shows two graphene islands in Fig 6.2b. The larger island has on the
bottom left side a peculiar distribution of deposits forming a loop, not seen on islands
grown with the other two sources. This island also has second and even a third layer
which is indicated by a green arrow. Profiles showing monolayer and bilayer graphene
heights are taken along the paths indicated in blue and green are shown respectively in
Fig 6.2e and f. A higher magnification image taken from the area indicated by a yellow
square is shown on Fig 6.2c. The edges of the island are round emerging few tenths of
nm from the deposits. The Moiré pattern can be observed only on the right side of the
island (Fig 6.2d).

=
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Figure 6.2: A series of increasing magnification images shows islands on an hBN flake after grown
at 1400 °C for 30 minutes. The morphology of the islands is more similar to those growth using a
filament source, with central carbon deposits with ~10 nm in height and graphene layers with 14
nm Moiré patterns. Second and third layers are also found. Scale bars: (a) 1 um, (b) 100 nm, (c)
50 nm, (d) 20 nm.

98



Figure 6.3 shows images of another sample grown also at 1400 °C but for 4 hours,
although the current supplied to the source was ~1/3 lower. The number of islands has
increased considerably although their sizes are similar to those of the previous sample.
Figure 6.3a shows the distribution of the deposits along the surface. The heights of the
deposits on the step edges and in the islands is also in the order of 10 nm. Higher
contrast lines in diagonal and in vertical close to the centre of the image correspond to

the hBN buckling due to the thermal cycling.

Figure 6.3b taken from the area indicated by the blue square in Fig 6.3a shows the
islands. Most of them present central deposits with a round graphene monolayer
growing from them. On the top right corner of the image a terrace has been completely
covered in graphene. Second layers are emerging from deposits in this area. The island
marked with a green square is shown in Fig 6.3c It has a similar morphology as the
large island in Fig 6.3b although in this case the deposits are distributed in 6 clusters.
The island presents a ~14 nm Moiré pattern. Profile shown in Fig 6.3d measuring the
height of the monolayer is indicated by a blue line. A nearby area in Fig 6.3e presents
similar deposits. This image also indicates the location with a yellow square of the
island in Fig 6.3f The deposit on its centre is much smaller ~0.4 nm. The ~14 nm Moiré
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pattern can be appreciated all along the surface of the island.

Figure 6.3: AFM images of a hBN flake grown at 1400 °C for 4 hours using an e-beam source.
a) Small graphene islands emerge from deposits on step edges and defects. Image (b) is taken
from the area indicated by a blue square in (2). Image () corresponds to an area just above the
one shown in image (a). Images (c) and (f) extracted respectively from green and yellow squares
in (b) and (e) show two islands with slightly different morphologies compared to the round and
centred around a deposit, present in most of the islands. Scale bars (a) 1 um, (b) 400 nm, (c) 100
nm, (€) 400 nm, (f) 50 nm.
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6.2 Monolayer growth

When using the e-beam source, we started to obtain some flakes with a full monolayer
coverage in samples grown at temperatures above 1560 °C with a large amount of
amorphous carbon deposits. When the substrate temperature was increased to 1640 °C
all samples presented consistently flakes with a coverage of at least one monolayer. In
this section all the images shown correspond to samples grown at such temperature.
Nevertheless, as mentioned in the introduction of the chapter, the current applied to
the source was increased as the target was used in order to obtain a constant carbon

flux.

A series of AFM images describe the surfaces of different flakes on a sample grown
with a fresh target at I;,,,,..= 200 mA (Fig 6.4). Three out of ten flakes present large
(from ~19 nm to ~35 nm) period Moiré patterns. The rest of the flakes scanned in this
sample display ~14 nm regular Moiré patterns. Figure 6.4a is a 10x10 um? topographic
image of a flake containing a typical overall relaxed ~14 nm Moiré pattern. Lines
corresponding to the buckling of the hBN flake due to thermal cycling can be observed
as well as a large density of amorphous carbon deposits. The blue arrow indicates the
area where the 250x250 nm? image in Fig 6.4b was taken. A profile taken along the
path marked in green indicates that the height of the domain walls of the Moiré are
~30 pm while the period along this direction is ~14nm. In Fig 6.4c (taken from the

centre of Fig 6.4b) we can observe the Moiré in more detail.

Figure 6.4d shows a cracked graphene layer located in a different flake. The Moiré
patterns at opposite sides of the crack, both with periods ~15 nm are slightly rotated
with respect to each other (see arrows) as we saw previously on samples grow with a
carbon filament source. A third flake in this sample presents a larger ~33 nm Moiré.
Figures 6.4e-g for a series of zoom-in images with the same scales respectively to Figs

6.4a- c. Large Moiré patterns were found on another two fake5.s (Figs 6.4h and 6.4i).
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Figure 6.4: AFM images of hBN flakes on the same sample. a-c) Higher magnification sequence
showing regular ~14 nm Moiré pattern. (b) was extracted from area indicated by blue box and arrow
in (a). Profile in (b) indicates ~30 pm domain wall height. No defects are found in the area.(c) was
extracted from central area in (b). d) Crack in a different flake. Moiré patterns are rotated at opposite
sides from the crack. e-f) analogous to (a-c) with a ~30nm Moiré. h-i) Topographic images of other
overall strained graphene layers. Images have the same scale as (c) and (). j-k) Sequence showing
a narrow carbon deposit with a spike. Phase channel image in (j) shows the whole deposit (magenta
arrow) and the surroundings. Green box indicates location of (k), where the misalignment of the
Moiré patterns at opposite sides of the deposit can be appreciated (white arrows). The Moiré on the
right-hand side rotates abruptly along a frontier (up-right quadrant) leaving a series of topological
defects. Deposits similar to this were observed in samples grow with an atomic source. Topological
defect (green arrow) lies at the top of the spike in (I). Scale bars: (a) 2 pm, (b) 50 nm, (c) 20 nm,
(d) 100 nm, (e) 2 pm, (f) 50 nm, (g) 20 nm, (h) 50 nm, (i) 50 nm, (j) 1pum, (k) 100 nm, (1) 20 nm.

An elongated carbon deposit with abrupt ends similar to those described in Fig 4.13
was also observed in this sample (magenta arrow in Fig 6.4j). Three ends or spikes
emerge from the deposit. One at the top and two at the bottom. The former can be
observed closely in Figure 6.4k, taken from the area in the green square. The slight
rotation of the Moiré pattern at opposite sides of the spike is also present. The
orientations of the Moiré patterns are highlighted with white arrows. Green arrow in
Fig 6.41 points at a defect found right at the tip of the spike.

101



In the same sample, one of the flakes with ~14 nm Moireé patterns presents a series of
topological defects that run along a meandering frontier. A blue arrow in the 10x10
um? image in Fig 6.5b points at the location of such frontier. Figure 6.5b was
elaborated from superimposed phase channel images. The frontier can be appreciated
in brighter contrast running approximately horizontally. It connects several deposits
laying close to the left-hand side area and keeps running away from them. Above this
frontier the Moiré pattern has a constant orientation (black arrow points along one of

the Moiré axis) but below it, it gradually shifts orientational angle (white arrows).

Boxes indicate location of scans on Fig 6.5c¢ (turquoise) and 6.5d (magenta).

Hor ! b L L Paa® ol b ¥ . h i 5 i Hgno? S
Figure 6.5: AFM images (all topographic except composition in (b)) on an area where a series of
defects are arranged forming a structure similar to a frontier. a) Large size scan of the flake. Blue
arrow indicates area where the images composed in (b) were extracted. b) The structure connects
three carbon deposits and runs along a few micron-meters path. Arrows indicate orientation of the
Moiré in the superior and inferior domains. In the inferior domain, the Moiré gradually shifts
direction. Higher magnification areas are indicated by coloured boxes and figure indexes. Scale
bars: (a) 2 um, (b) 200 nm, (c) 50 nm, (d) 100 nm, (e) 20 nm.

In Fig 6.5c the frontier can be appreciated as a lower contrast line that oscillates around
the middle of the image. A large number of topological defects lie on the area with
small carbon deposits attached. On the area above the frontier, the orientation of the
Moiré is considerably uniform, although there are two deposits that adsorb Moiré rows
coming from the right (located on the top-left quadrant). In contrast, the Moiré below
the frontier shifts orientation abruptly (compare green and white arrows), generating a

larger number of defects in the area. On Fig 6.5d another section of the frontier divides
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the two domains. In this area, the two Moiré patterns are almost aligned since the Moiré
at the bottom has shifted orientation. A topological defect marked with a green circle
allows the Moiré in the top domain to align even further with the bottom domain.
Figure 6.5e taken from the area indicated with a blue square shows the frontier in more
detail. In this area, the frontier is formed by two parallel strained regions with a domain
wall that divides them.

The sample grown next, at a I,,c.= 250 mA presents features previously observed
on samples grown using the two other carbon sources. Figure 6.6a is a large scan of a
flake where two rotated Moiré patterns coalesce forming a series of punctual defects.
A blue arrow points at the precise area, which is shown in Fig 6.6b. The topological
defects (inside blue circles) are arranged almost periodically on a line. Figure 6.5¢c
(extracted from the area in the green square) shows the area in higher detail. The
patterns at opposite sides of the line are ~30° rotated with respect to each other. The
green arrow in Fig 6.5d (image extracted from the centre of Fig 6.5c) points at a Moiré
cell with 7 neighbours. Other cells with only 5 neighbours are in the area (purple
arrows). Another flake in the same sample displays multiple layers emerging from
carbon deposits formed on step edges. Figures 6.6e-g are a zoom-in sequence

analogous to the previous. The Moiré pattern is slightly curved in the area above the

horizontal line of deposits (in phase channel the deposit appears in darker contrast).

a
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Figure 6.6: AFM images of flakes that present coalesced rotated graphene layers (a-d) and
additional layers emerging from step edge carbon deposits (e-g). Blue arrows and blue boxes
indicate scan areas of the subsequent images. Scale bars: (a) 2 um, (b) 100 nm, (c) 50 nm, (d) 20
nm, (e) 2um, (f) 200 nm, (g) 50 nm.
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The additional layers are shown in the topographic channel in Fig 6.69. The Moiré
pattern observed on their surface has the same ~14 nm period and is roughly aligned
(considering the slight curve in the area) with the pattern in the first layer. Profile in
Fig 6.6h indicates the height of a second and third layers. The heights of the domain

walls (relief of the Moiré pattern) in the first second and third layers are the same.

For the sample described in Fig 6.7 (being the fourth in the cycle) Isyyce= 350mV.
Several flakes present additional layers that emerge from carbon deposits on step
edges. Also, large (~300 nm across) islands lie away from the deposits (Fig 6.7a-d).
Figure 6.7b corresponding to phase channel was taken from the area marked with a
blue arrow in Fig 6.7a. Figure 6.7c, taken from a scan in the area shows one of the
islands in detail. The island has an overall round shape although the bottom and left
sides seem to be slightly faceted along the zig-zag direction. The height of the island
corresponds to a monolayer and the Moiré on top of it is roughly aligned with the first
layer Moiré. The island also presents a few small holes and a dent in the edge, which
are features not observed before.

]
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Figure 6.7: a-d) Higher magnification AFM images sequence showing a considerably large ~300nm
across additional layer with slightly faceted edges, small holes and dents. The surface is almost free
of carbon deposits. e-i) Another zoom-in sequence that shows another structure similar to a frontier.
In this case the Moiré pattern at opposite sides is aligned but slightly displaced in perpendicular to
the frontier. Note the line in green and blue in (g-i). The line goes through the centre of the Moiré
cells in the domain above the frontier while touches the corners of the hexagons in the domain below
the frontier. In (h) and (i) the Moiré cells at the frontier are shown with deformed, non-hexagonal
shapes. Scale bars: (a) 2 um, (b) 1 um, (c) 100 nm, (d) 50 nm, (&) 2 um, (f) 400 nm, (g) 100 nm, (h)
50 nm, (i) 10 nm.
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Another flake in the same sample also presents an area where two Moiré patterns
coalesce in a very particular way (Figs 6.7e-i). The patterns have the same period and
are aligned but appear to be slightly shifted in perpendicular to their frontier. Green
and blue dashed line in Fig 6.7g and h makes this shift more obvious. As a result the
Moiré cells on the frontier have lost their hexagonal shape. Most of them form triangles
but there are also other shapes.

The next sample of the cycle (I5our-ce= 400 mA) presents flakes with many more
graphene additional layers. Figure 6.8a shows in the topographic channel the surface
of a flake with a central area considerably free of amorphous carbon deposits. In Fig
6.8b an amplitude channel image extracted from such area shows the edges of the
additional layers very clearly. They display round edges in some cases while faceted

along the zig-zag direction in others. Fig 6.8c was taken from the area marked with the

Figure 6.8: AFM images of larger area additional graphene layers (~500nm) covering most of the
surface of a first layer (phase channel in (b)). Some islands have a round shape (c) or faceted edges
(f). The Moiré pattern with the same morphology can be distinguished on top of these additional
layers (d-e and g-h) and being commensurate with the first layer. Holes and dents in these layers are
also present. Scale bars: (a) 2 um, (b) 1 um, (c) 200 nm, (d) 50 nm, (e) 20 nm, (f) 200 nm, (g) 50
nm, (h) 20 nm.

blue box. The image shows in higher magnification one of the bi-layers with round
edges. On top of it there are a third and a fourth layer (indicated with arrows). A hole
in the second layer and a dent can be seen in detail in Fig 6.8d. The topography of the
Moiré pattern of the first layer is perceived through the hole (Fig 6.8e). Figure 6.8f
taken from the area in the green square in Fig 6.8b shows one of the faceted islands.
Again, numbers mark the order of the layers. Figures 6.8g and h show that the Moiré

patterns are coherent up to at least the third layer.
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Other flakes in the same sample present similar additional layers. Figure 6.9 displays
a few of them (one on each row). Images in same column are of the same scale. Large
area scan images in the first column correspond to amplitude channel, second column
(taken from the areas marked with a green square) are phase and third topographic.
First and second layers are indicated with numbers on the images in the second

column.

Images in the first row zoom into an area where, given the shape of the borders we can
infer that two second layers coalesce. Interestingly, there is no trace of defects in the

area and the Moiré pattern keeps the same morphology as in the rest of the layer.

The second row of images zooms into a region on a flake with a large number of carbon
deposits. Three second layers growing from the right, left and bottom of the image

have left a fin shaped gap. A slight Moiré rotation is indicated by white arrows.

The third row zooms into a narrow
gap formed by two secondary
islands. The line of the gap is
considerably straight and
approximately perpendicular to the
direction that separates the centres
of the islands. The Moiré patterns
on these bi-layers are aligned and
have the same ~ 14 nm period as
the first layer.

The additional layers on all the
Figure 6.9: AFM images of flakes that present images are very clean and the
additional graphene layers. Each row forms a higher
magnification sequence showing features involving
secondary layers. Images on columns from left to right  jn their surface with the same
correspond respectively to the amplitude, phase and

topographic channel. First row shows two coalesced morphology and relieve as the
secondary layers, second row a narrow gap between L . .

three secondary layers approaching from different ~Moiré pattern in the first layer.
directions and third row a narrow and elongated straight
gap between layers. Scale bars: (a, d and g) 1 um, (b, e
and h) 100 nm, (c, f and i) 50 nm.

Moiré pattern can be distinguished

Perhaps the growth of large surface
few layer graphene on hBN can be
controlled using an e-beam source.
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A sample grown in another cycle, presents the Moiré patterns with the largest period
~46 nm. Sample was grown at I, = 300 mV. The area was located on a flake with
a high density of carbon deposits on step edges. Blue squares indicate the zoom-in
areas in images from Fig 6.10a to Fig 6.10e. The Moiré pattern is highly distorted and
presents several defects. Figure 6.10f taken from the area in the magenta square in Fig

6.10b shows Moiré cells with enlarged long domain walls (white arrows).

Green box in Fig 6.10a indicates the scan area of the amplitude channel image in Fig
6.10g. Additional layers emerge from carbon deposits in the area. A zoom-in image of
the edge of the secondary layer in the centre of the image (Fig 6.10h) reveals do
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Figure 6.10: AFM images of a flake that presents the Moiré with the largest period (~46 nm) found
on samples using an e-beam source. Images correspond to the topographic channel except (b), (c),(i),
(k) and (1) and (g) which is an amplitude channel image. From (a) to (e) images show the location
and aspect of the ~46 nm Moiré. f) Moiré in the bottom-right corner of image (b), indicated by a
magenta square, presents elongated cells (white arrow) possibly due to a non-uniform strain
distribution close to carbon deposits. g) Amplitude channel image extracted from area in green box
in (a). A large second layer emerges from a carbon deposit in the centre of the image. h) domain
walls that terminate abruptly as seen on lattice matched areas are found (white arrows). From (i) to
(1) the region that previously displayed a ~46 nm Moiré (notice the deposit indicated by two yellow
circles in (b) and (i)) has cracked and relaxed. Topographic image in (j) shows the crack running
below additional layers (left). In (k) which corresponds to a scan of the same area in phase channel
the Moiré patterns above (distorted) and below (regular ~14 nm) can be appreciated. Magenta square
indicates scan area in (I) showing the regular ~14 nm Moiré. Scale bars: (a) 3 um, (b) 400 nm, (c)
200 nm, (d)50 nm, ()20 nm, (f) 50 nm, (g) 400 nm, (h) 50 nm, (i) 400 nm, (j) 100 nm, (k) 100 nm
() 40 nm.
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walls that terminate abruptly as the walls observed in samples with lattice matched
graphene. Figures 6.10i corresponds to a scan of the same area in Fig 6.10b a few days
after the ~46 nm Moiré images were obtained. The two images are slightly rotated with
respect to each other. Notice the carbon deposit highlighted by a yellow circle in both
figures. The layer now presents a crack, close to the deposit on the top. Figure 6.10j,
extracted from the area in the turquois square in Fig 6.10i shows the crack in more
detail running below additional layers that emerge from a deposit. Fig 6.10k
corresponding to the phase channel allows to see the Moiré pattern above and below
the crack. Above the pattern is significantly distorted. Below, the pattern has a regular
~14nm period. Turquois square indicates area of the phase channel image in Fig 6.10l.
The Moiré pattern on the additional layers emerging from carbon deposits is also

different at opposite side of the crack.

E-beam grown graphene layers that present domain walls with abrupt ends were found
in various hBN flakes. The sample was grown (as the previous samples) at 1640°C
(read from the thermocouple behind the substrate holder). However, in this case a
single polished side sapphire wafer was used in order to increase the substrate

temperature. Also, the sample was grown with a fresh target with Ig,,,-ce =200 mA.

Blue squares in Figs 6.11a-b indicate
* location of the area shown Fig 6.11c
" where the domain walls are
observed. The thicker curve running
. from top to bottom of the image
corresponds to a hBN fold. Domain
walls run in the three principal

WA E S e ; —_ crystal directions are broken (white
Figure 6.11: AFM images of a flake covered in leavi Il ~200
graphene layers that display broken domain walls, a arrows), leaving small ~ nm

feature found in lattice matched graphene layers. lattice matched graphene areas
Blue boxes indicate scan area of the next image. a) '

Large topographic image of flake. b) Amplitude  Curved domain walls (green arrows)
channel shows carbon deposits surround the area in

(c). ¢) Domain walls run in three main directions.  not oriented in any of these directions
Some of them are broken (white arrows) or curved

(green arrows). Scale bars: (3) 4 um, (b) 1 ym, (c)  are also present.

300 nm.
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6.3 Summary

In this chapter we explored the growth of graphene on hBN by high substrate

temperature MBE equipped with an e-beam source.

Islands have a similar morphology to the islands grown using filament source with

round edges and carbon deposits clustered close to the centres of the islands.

As with the previous sources increased substrate temperature allows complete

coverage in graphene of the hBN flakes.

A series of features previously observed in samples grown with the carbon filament
are present. For example, coalesced rotated Moiré patterns, Moiré patterns with
periods much larger than 14 nm, narrow carbon deposits that terminate at defects or

cracked and relaxed layers that yield domains with different Moiré patterns.

We also observe significant differences between graphene grown with this source and
the previous sources. For example, the large number and large surface area (~500 nm
across) of additional layers. The Moiré patterns can be appreciated on them with the
same period and orientation as the first layer, indicating that they are strained in the
same manner. We have also observed coalesced graphene domains were the frontiers
present morphologies different to those on layers grown with the filament source.
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/. The adsorption of hexacontane on

hexagonal boron nitride

The aim of this chapter is to investigate the adsorption of a long chain alkane,
hexacontane (Ceo Hi22), on hBN using AFM. The adsorption of alkanes has been
studied in depth, particularly on metals'’~1%° and graphite®*-1112° but on hBN has so
far been studied only using diffraction techniques'?**??, with no direct determination

of their real-space arrangement and potential to control supramolecular organization.

The alkane can be deposited either by sublimation or from solution. We find, using
atomic force microscopy (AFM), that the alkanes lie flat on the surface with the
molecular axis parallel the zig-zag direction of hBN, forming lamellar rows, similar to
those formed by long-chain alkanes deposited on graphite. The molecules form
rotational domains with sizes in the order of microns (in the case of deposition by
sublimation) hundreds of manometers (in the case of deposition in solution). Upon
deposition of more than one layer of hexacontane, additional layers are formed which
propagate the row geometry, but are more disordered and weakly bound to the
substrate and are thus more susceptible to heat- and tip-induced modifications.

7.1 Monolayer growth

An AFM image of the surface of an hBN flake acquired after the deposition, by
sublimation, of 1 monolayer (ML) of hexacontane is shown in Fig 7.1a. We observe a
series of rows running across the surface, and a height profile (inset) along a line
perpendicular to them shows that their amplitude is ~20 pm and their separation
(determined from a Fourier transform) is 7.9 = 0.2 nm. Additional irregular contrast
variations are observed due to the roughness of the underlying SiO> substrate on which
the hBN flake is mounted. These background fluctuations have a peak-to-peak height
variation of 50 pm, and a characteristic length scale of ~100 nm, and are not associated

with the molecules.
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The lines are very similar to those observed when alkanes adsorb on graphite and form
lamellar rows in which the linear molecules are stacked perpendicular to the row axis.
A higher magnification AFM image on Fig 2b, shows that the rows on hBN correspond
to similar lamellae, in which the individual molecules can be resolved and, as expected,
are perpendicular to the row direction. The distance between molecules in the same
row is 0.44 £ 0.02 nm, very close to the value reported for alkanes on graphite. The
inset shows a profile taken across 20 molecules as indicated by the path in blue. We

typically observe domains with area 1 — 5 um? in one of three orientations with an

angular separation of 120°.

Distance (nm) e

Figure 7.1: Topography AFM images of 1ML of hexacontane sublimed onto hBN. a) Large area
image of hexacontane lamellar rows; inset - height profile along the trajectory marked in the image.
b) High resolution topographic image showing the molecular arrangement within the lamellae; inset
- height profile along the trajectory marked in image. ¢) High resolution AFM images showing
individual hexacontane molecules on the hBN lattice (top half) and the bare hBN lattice on the same
area after molecules were removed (bottom half). The top half corresponds to an image showing the
molecules laying on the surface while the bottom one corresponds to an image of the same hBN
surface once the molecules have been removed. d) Schematic showing the registry of hexacontane
with respect to the hBN lattice. The arrows represent the lattice vectors. Scale bars: (a) 100 nm, (b)
5nm, (c) 1 nm.
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To determine the orientation of the molecules with respect to the underlying hBN
substrate, we employed a protocol that was previously used in the study of
supramolecular networks on black phosphorus'?®. By increasing the setpoint used in
AFM imaging, it is possible to partially remove the alkane chains, allowing the local
imaging of the underlying substrate. Figure 7.1c shows an overlay of two topographic
images in which the top segment corresponds to the upper half of an image acquired
at a low setpoint whereas the bottom segment is the lower half of an image of the same
area acquired at a higher setpoint. The hBN surface shown in Figure 7.1c has a
coverage of 1 ML, and the molecular chains can be identified in the upper half of the
composite running from bottom-left to top-right. The bottom half of Fig 7.1c shows
the exposed hBN lattice, which allows the identification of the orientation of the lattice
vectors. A comparison between the images shows that the molecules run parallel to
the lattice vector (the zigzag direction) of hBN, as shown schematically in the
structural diagram in Fig 7.1d.

7.2 Multiple layer growth

Figure 7.2 shows images of hBN on which layers of hexacontane with different
thicknesses have been sublimed. The layer thickness was determined using a quartz
crystal thickness monitor, which was calibrated from the surface coverage of the
dendritic structures formed by hexacontane on the SiO2 surface?*. For sub-monolayer
coverages (Figs 6.2a-c) isolated islands are formed with typical lateral sizes of ~1 um
and a height which is comparable to the roughness of the hBN flake. The island at the
centre of Fig 7.2a is shown at higher magnification (area highlighted in Fig 7.2a) in
Fig 7.2b and from the accompanying height profile (along the red line) we determine

a height of 0.4 £ 0.1 nm consistent with a partial monolayer of flat-lying molecules.

The direction of the lamellar rows is identified by the arrow; the rows run in a common
direction for a given island indicating a single extended domain of molecular ordering.
An even higher magnification image (area highlighted in Fig 7.2b) is shown in Fig
7.2¢ where the lamellar rows are resolved. The isolated hexacontane islands are rather
unstable and after acquiring several images, their shape can be modified, or they can

be removed completely; this tip-molecule interaction also accounts for the distortion
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in the lamellar rows which is prevalent during small scale scans, especially at sub-
monolayer coverages.
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Figure 7.2: AFM images for different thicknesses of hexacontane. (a, b and ¢) 0.5ML; (d, e and f)
2.5ML; (g, hand i) 6.5ML; (j, k and 1) 10ML; (m, n and 0) 30ML. The boxes highlighted in black
on the images in the left and centre columns show the areas where the zoomed images in
respectively, the centre and right columns were acquired. In the centre column, profiles running
along the paths indicated in different colours are overlaid on each image. The right column shows
images in which the lamellar rows can be resolved for each thickness. Scale bars: Left column: 400
nm; middle column: 100 nm; Right column: 50 nm.

At a coverage of 2.5ML topographically flat regions co-exist with elongated features

with higher apparent brightness (Figs 7.2d-f) see features highlighted by dashed blue

ellipses in Fig 7.2d. These features are unstable under scanning and it is difficult to

acquire higher resolution images to reveal additional details of their structure.
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However, higher resolution images of the topographically flat areas can be acquired
which reveal the lamellar rows on the surface; from the coverage we infer a thickness
of 2-3ML in these regions. A comparison of such images with larger area images
indicates that the topographically bright regions in, for example, Fig 7.2d, form at, or
close to, the boundaries between neighbouring domains with different orientation.
Higher resolution images (see Fig 7.2f) show that the lamellar rows can deviate from
the preferred alignment and show discontinuities and even terminate abruptly in these

boundary regions.

As the coverage is further increased to 6.5ML (Figs 7.2g-i) an additional superstructure
appears in the form of topographically bright features which run perpendicular to the
lamellar rows (in this set of figures the orientation of the lamellar rows is determined
from the high resolution image in Fig 7.2i, which is a zoom of the highlighted region
in Fig 7.2h).

Between these bright regions we observe ‘trenches’ which are topographically dark
and also run approximately perpendicular to the lamellar rows (marked by purple
arrows in Fig 7.2h). This implies that the lamellar rows terminate at positions which
are spatially correlated. We speculate that this may be due to strain relief in the

growing film.

The lamellar rows and trenches propagate through the growing layer. After the
deposition of 10ML these features may still be resolved although the height profile
shows that the surface becomes significantly roughened (ellipses in Fig 7.2j and arrows
in k mark the position of trenches). We do not see further significant changes for
thicker layers (Figs 7.2m-o0 show images acquired after the deposition of 30ML).
Interestingly, the period of the lamellae is preserved for all coverages studied implying

that the substrate directs growth even for these very thick layers.
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7.3 Theoretical calculations

The energetics of alkane adsorption on hBN were investigated by Matteo Baldonit
using molecular mechanics employing LAMMPS simulation package. The hBN
substrate was treated as a rigid monolayer with atoms fixed at their crystallographic
positions. In particular, the dependence of the adsorption energy of a single alkane
chain on the relative orientation of the molecular axis and the hBN lattice was
calculated. First a single hexacontane molecule was optimized in vacuum; the
calculated C-C-C spacing along the chain is 0.255 nm, close to the value taken for the
lattice constant of hBN, 0.250 nm. The optimised hexacontane molecule was then
placed at a height 0.35 nm above the model hBN surface, with the plane of the carbon
atoms parallel to the substrate. The molecule is then moved as a rigid body along the
x and y axes (defined in Fig 7.3a) in steps of 0.01 nm as in previous work!?. At each
step, the adsorption energy was calculated as E(CgoH122@hBN) — E(CeoHyp22) —
E(hBN).

The calculations show that, in agreement with experiment, the lowest energy
corresponds to orientations where a hexacontane molecule is aligned with the hBN
zigzag direction (as shown in Fig 7.3a); the adsorption energy in this configuration is
favoured by approximately 0.09 eV/molecule (Fig 7.3b). The energies in Fig 7.3b are
extracted as the minimum energies extracted from the PES profiles for each angle of
rotation. Examples of the PES profile for alignment angles of 0° and 20° are shown in
Figs 7.3c-d. After full relaxation of hexacontane molecules on hBN , the adsorption
energy at 0° is -5.93 eV (the actual structure is shown in Fig 7.3a). The results have
also been confirmed for multiple (eight) alkane chains adsorbed on the hBN surface.
After the minimisation of the total energy all eight molecules are positioned in the
same preferential adsorption sites as in the case of a single chain giving an
intermolecular distance of 0.435 nm corresponding to a commensurate arrangement

on the hBN layer. The interaction energy between the chains have been estimated as

Lstituto per lo Studio dei Materiali Nanostrutturati (ISMN), Consiglio Nazionale delle Ricerche (CNR),
Via P. Gobetti 101, Bologna 40129, Italy
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0.13 eV per each pair. The spacing and orientation of the alkanes are in excellent

agreement with our experimental observations
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Figure 7.3: a) Optimised structure of a hexacontane molecule on hBN surface. b) Adsorption energy
as a function of the angle between the principal axis of the hexacontane molecule and the zigzag
direction of the hBN lattice. c) Potential energy surface at 0° rotation and (d) 20°.

7.4 Effect of heat applied on the sample

We have also investigated the effect of post-deposition annealing on the sample
morphology. Figure 7.4a shows an area on a sample with a coverage of 6.5ML. The
high contrast region in the centre of the image is due to a ~4nm thick hBN terrace and
its structure is independent from the hexacontane deposition. Several different
orientational domains are observed and the boundaries and local orientation of rows

are indicated by the turquoise lines and arrows respectively.

Figure 7.4b shows the same area after the sample was annealed on a hot plate at 80 °C

for 5 minutes (under ambient conditions). A series of facetted rectangular islands with

heights in the range 6-8 nm are formed which are aligned with the orientation of rows

prior to annealing. The lamellar rows are still present in the regions of the surface
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between the islands. The formation of islands is attributed to the agglomeration of
hexacontane molecules which are depleted from neighbouring multilayer areas in a

ripening-type process which leaves a residual monolayer adsorbed on the hBN surface.

500 1000 1500
Distance (nm)

Figure 7.4: a and b) AFM topography images allow a comparison of an hBN area covered in
hexacontane before (a) and after (b) heat is applied to the sample. Domain frontiers are indicated in
turquois. ¢) AFM phase image showing closely one of the islands formed after heat was applied.
The lamellar rows can be resolved on top of the island with the same orientation as in the background
space. d) Profiles running across various islands with paths shown in (b). Scale bars: (a and b) 1 pm,
(c) 100 nm.

Figure 7.4c shows an AFM phase image of an island (area marked with a white square
on Fig 7.4b). The lamellar rows are present both on the monolayer-terminated regions
between islands and also on the top surface of the islands. Although there is some
disorder present, for example in the fluctuating orientation of the rows, the long axis
of the island is approximately parallel to the row direction. Interestingly these images
suggest that in these hexacontane crystallites the molecules lie parallel to the substrate
and the macroscale arrangement consists of stacks of parallel lamellar rows.
Furthermore, the orientation of the interfacial hexacontane molecules directly
adsorbed on the hBN appears to propagate through the crystallite, to a first
approximation, implying an epitaxial relationship.
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7.5 Deposition from solution

AFM images of 1ML hexacontane domains grown in solution were also obtained. A
sample was immersed in a 10 g hexacontane/mL toluene solution for one minute then
: > dried in a nitrogen stream. The molecules
form three rotational domains of lamellar
structures with an almost identical period 8.0
+ 0.2 nm, misaligned by 120°, as shown in
Figure 7.5. The morphology of these films is
very similar to the sublimed films but the size

——
fn of the domains in this case is much smaller,
o)
5

50 of order 100 nm. The smaller size of these

Distance (nm) domains compared to the samples grown

Figure 7.5: AFM images of hexacontane . . .

deposited on hBN from solution. through —sublimation is probably a
a) Rotational domains of ~100nm cover the
area. b) Higher magnification area shows
three domains misaligned by 120°  pjgher density of nucleation points compared
¢) Height profile along trajectory marked in

(b). Scale bars: (a) 200 nm, (b) 100 nm. to the growth by sublimation.

consequence of the faster growth with a

7.6 AFM tip induced re-crystallization

Hexacontane molecules can also re-crystalize during AFM scan. Figure 7.6 shows
images of a sample with >30ML hexacontane growth. The black arrows in Fig 7.6a
indicate the orientation of the lamellar rows in each rotational domain. In the area
indicated with a red square, a series of scans were taken. Topographic images in Fig
7.6b and Fig 7.6¢ show respectively the area before and after 25 scans. The molecules
have piled up forming a series of hills with a higher aspect ratio in the direction of the
lamellae. This also forms trenches on the spaces between hills, where the molecules
have been depleted. Same image in phase channel in Fig 7.6d allows to see the lamellar
rows more clearly, running in the same direction as before the series of scans were
performed. Figures 7.6e-f show the previously scanned area in context with the
surroundings. Profiles on Fig 7.6g (paths are indicated in Fig 7.6f) allow a comparison
between the height of these hills and the roughness of the surface outside the scanned

area, being the former approximately 5 times larger.
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Figure 7.6: Molecules appear piled up after a series of 500x500 nm? scans were performed on a
sample covered with >30ML. All images correspond to topographic channel except phase channel
image in (d). Lamellar orientations are marked with black arrows. a) Large scan image showing a
domain covering most of the area. The series of scans were taken from the area marked with a red
square. b) First image of the series. ¢) Last image of the series. The relieve is considerably different.
The molecules have piled-up forming trenches. e) Larger size scan shows the trace of the scan
forming a square. f) Scan of the same area as (a) after the series of scans were performed. g) Profiles
comparing the roughness between the closely scanned area and a neighbouring one. Their paths are
indicated in the same colours in (f). Scale bars: a and f) 400 nm, b-d) 100 nm, €) 200 nm.

Another example of recrystalization is shown in Fig 7.7. A sample with 2.5ML
hexacontane growth with three different orientational domains can be distinguished:
One small domain in the centre of the image surrounded by other bigger two domains
(Fig 7.7b extracted from blue square in Fig 7.7a). Figure 7.7c shows the same area
after a few scans were performed. The domain at the bottom of the image has merged
with the central one, namely, the molecules in this central domain are now oriented in

the same way as the ones in the bottom domain. Also, the frontier between the larger

Figure 7.7: a) Large area scan of a 2.5ML hexacontane growth sample. Blue square indicates scan
area of (b). b) A small rotational domain surrounded by other two domains. Arrows indicate the
lamellar orientations of the three domains. c) Image of the same area after a series of scans have
taken place. The domain in the centre of the image has been taken over by the one around its bottom
side. Scale bars: (a) 1 um, (b-c) 200 nm.
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domains has been slightly displaced. These images prove that hexacontane molecules
in a domain have the capacity to switch orientation and merge with those in their

neighbouring domains when stimulated by an AFM tip.

7.7 Summary

Lamellar rows of alkanes are formed on hBN with an internal structure very similar to
that observed on a graphite substrate, as confirmed by AFM and molecular mechanics
simulations, and in agreement with previous diffraction studies. The molecules can be
deposited either by sublimation or from solution. At higher coverage, the period of the
lamellar rows persists and is readily resolved on the surface of multilayers, although
some disorder is also evident, for example, in the form of meandering lamellar rows.

This implies that growth of the subsequent layers is directed by the substrate.

We have also investigated the effect of postdeposition annealing on the sample
morphology and AFM tip induced re-crystallization including the formation of hills

by piling up molecules or reorientation of molecules in a domain.

8. Conclusions

The growth of graphene discussed in chapters 4,5 and 6 demonstrate that high
temperature-MBE is a viable approach to the growth of high-quality epitaxial graphene
on hBN by using three different carbon sources: a carbon filament source, an atomic

carbon source and an e-beam source.

The large Moiré patterns observed with AFM and the red-shifted Raman peaks clearly
demonstrate the possibility of introducing strain on graphene. Moreover, at the highest
substrate temperatures, the magnitude of the strain can be large enough to allow
graphene to lattice match to hBN. Under such conditions, the difference in chemical
environment between the two atoms in the graphene unit cell, provided by the hBN

substrate, allows the opening of a small bandgap. Conductive AFM measurements
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performed using these lattice matched graphene layers show evidence of this induced
bandgap.

High resolution AFM images show that the Frenkel-Kontorova walls between lattice
matching graphene run along principal axis and contain an extra row of carbon atoms

which terminate at defects.

A series of secondary phenomena such as additional layers, coalesced rotated domains
or islands with different morphologies depending on the type of source used are also

described.

The electronic properties of this material are yet to be measured. In particular, it is
desirable to perform transport measurements on lattice matched graphene.
Nevertheless, transferring graphene/hBN onto an insulating substrate such as SiOz is
a complex process which involves the use of adhesive tape and its associated
contamination. Also, highly strained graphene is a delicate material which can crack
and relax during the transfer process. Therefore, a reliable method that allows

transferring of these heterostructures need further investigation.

The deposition of hexacontane on hBN discussed in chapter 7 shows lamellar rows
similar to those observed on graphite. High resolution images and molecular
simulations indicate that the molecules are oriented in parallel to the zig-zag direction

with their molecular axis parallel to the surface.

The hexacontane monolayer provides a very simple example of two-dimensional
supramolecular organization. Our results therefore strongly suggest that chain—chain
interactions can direct the formation of self-assembled molecular arrays on hBN in a
manner analogous to the highly successful approach to supramolecular organization

of complex structures on graphite.

The possible use of hBN raises the possibility of exploring optical properties of such
structures that are difficult to access on conducting surfaces, and we believe that this
combination of an insulating substrate and van der Waals mediated molecular
organization represents a promising route for the future investigation of the science

and technology of surface-stabilized supramolecular arrays.
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