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Abstract

Integration of ferromagnetic and 2-dimensional material is of interest for
potential spin transport applications. Most research materials support the importance of
graphene application in many sectors and industries due to its electronic, thermal and
chemical properties and potential of being magnetised. This study aimed at fabricating
graphene on polycrystalline copper plate with chemical vapour deposition (CVD) and then
used it as a substrate to grow epitaxial layers of MnSb by molecular beam epitaxy (MBE).
It has been motivated by the transfer of sample in MBE which needs rigid copper substrate
to overcome the foil limitation.

The study involved several experiments with the first being focused on pre-
growth substrate preparation, graphene growth on Cu plate and single crystal. Graphene
growth on Cu(100) and Cu(410) showed the structural feedback or faceting that happened
on foil and plate also appeared on bulk single crystal. Graphene domain formation for Cu
plate is a mixture of different grain boundaries of crystallography. Important techniques
such as SEM, EBSD, AFM, XPS, Raman spectroscopy, RHEED, LEED, and magnetometry
were utilised in this experiment. MnSb was chosen due to its promising ferromagnetic
materials and the hope that it will be a cubic MnSb (c-MnSb) which can be manipulated
as spintronic materials. The quality of monolayer graphene on Cu plate was confirmed by
Raman with 2D/G peak ratio between 2 to 4. It then used as substrate for epitaxial growth
MnSb on graphene. Although the ultimate aim is to induce magnetism in the graphene
layer, the evidence discussed cannot provide the epitaxial behaviour in total.

The magnetic hysteresis loop was detected with the coercive field (667 + 5) Oe
and (900 £ 20) Oe at 300 K and 10 K respectively. The shallow core XPS region for Mn 3p

was fitted carefully and showed a metallic state consistent with MnSb.

Xiv



Chapter 1: Introduction

1.1 Motivation

In frenetic climate, new technologies are emerging each day, and high-tech
device development and deployment are on the rise. Most researchers and
developers are dedicated to establish new techniques and models for the design
of new devices to reduce the costs, capacity, and increase scalability and
efficiency. For example, the first stored-program computer 70 years ago could fill
in a room, now fits in the palm of a hand due to reduction of its size. Moreover,
the evolution of technology in daily life has led the crucial point on how modern
communication is driven efficiently in social growth. Additionally, Moore’s Law is
focused on the emphasis of developing small devices which performs more
significant functions because the computers are getting too hot, and the data
centers are consuming unsustainable power [1]. The law is mostly based on
empirical studies to make technology smaller. In 1965, Gordon Moore stated how
the number of components on a printed circuit board had doubled at regular
intervals, and that this would continue for “at least ten years” [2]. In fact, this has
influenced how most people are involved in technology in the current world. Along
with growth in the Moore’s Law, there is an increasing concern over the space, the
materials and technologies that have been used so far have begun to reach their
limits [3]. It also includes the change in design of the devices to address the heat
variation by manufacturing devices which process instructions at low clock rates
and limits the movement of the chip’s electron [4]. Technology advancement with

the utilisation of few available materials to create tools impacting industries is a



major motivation for this study with the aim of magnetising graphene while
leveraging its thermal, electronic properties.

In 2004, there was a significant inspiration to miniaturisation of
technology. The researchers, Novoselov and Geim successfully managed to
isolate, manipulate, and then measure a single sheet of graphite with only one
atom thick that is called graphene [5]. Being the first two-dimensional crystal,
graphene has inspired many possibilities of miniaturisation technology [6] as well
as other 2D materials. Graphene has many significant properties that trigger
excitement in this crucial technology research. Even though graphene is
chemically stable, highly conductive and strong, it is not magnetic. Graphene
transfer is avoided due to the tears and cracks [7] formed during the monolayer
transfer in the flat substrates such as copper, Cu substrate. On the other hand, the
field of material science such as nanomaterial study is receiving a great concern in
2D materials evaluation. Mas-Balleste et al. [8], stated that graphene is just one of
the 2D materials. The other 2D materials include hydroxides, metal oxides,
chalcogenides and transition metal dichalcogenides. Metal oxides and hydroxides
layers separation have been investigated using exfoliation methods but only a
single layer is being isolated. The isolation of layers was motivated by graphene
sheets separation.

The prospect of combining graphene with other material [9] has attracted
more recent attention to magnetise graphene [10], [11]. The integration of
ferromagnetism and graphene is of interest for potential spin transport
applications. It could help to alter graphene’s properties and open routes to
existing technologies to enhance their performance when traditional silicon
transistor cannot even get smaller as its limits reached.

Spintronics introduce the concept of manipulating the quantum

mechanical spin of an electron as well as its charge. Any successful spin injector



materials must satisfy two conditions. First, it is capable of delivering a current
with significant spin polarisation. Secondly, any spin injector materials need to be
compatible with the present technologies. In this case, a relatively straightforward
approach using compound ferromagnetic materials, MnSb as binary pnictide is
used. MnSb has promising magnetic properties, stable and abrupt interfaces [12].
This thesis examines how graphene interacts with MnSb. Specifically, it explores
how to make graphene as a substrate in epitaxial growth of MnSb. Understanding
these interactions will help bring magnetic graphene as a new technology and this

has become a necessity in this digital age.

1.2 Aim and Organisation of the Thesis

This thesis focuses on graphene growth on polycrystalline Cu and
heteroepitaxial growth of manganese antimonide, MnSb overlayers on
graphene/Cu as a substrate. The work represents graphene on Cu plate (0.25mm
thick Cu sheet) in the preliminary investigation into the structural aspects problem
to overcome epitaxial growth compatibility and surface structure. Additionally the
thicker type of Cu substrate was investigated to allow easier manipulation. The
work was carried out using chemical vapor deposition (CVD) and molecular beam
epitaxy (MBE). The remainder of this chapter states general properties of
graphene and the transition-metal pnictides.

Chapter 2 presents the methods and techniques that have been used to
study the properties of graphene and MnSb films and interfaces are included. The
background theory and experimental schematics are related to the analysis of
procedures used. The pre-growth substrate preparation of graphene on the Cu
plate and foil is described in Chapter 3. This condition is crucial to getting “ready

to grow” condition because the Cu plate and foil have different commercial



material specifications. In Chapter 4, graphene growth in CVD is presented using
the best pre-growth conditions explained before. The surface morphology for
polycrystalline Cu plate is compared with foil. This includes the study of graphene
layers from Raman Spectroscopy.

Chapter 5 details the growth of MnSb on the polycrystalline copper plate
as a substrate. A combination microscopy study such as SEM, AFM, XPS, RHEED,
LEED and SQUID is presented to understand the properties of MnSb overlayers
grown on graphene on copper. The MnSb on graphene is used due to the stable
magnetic properties of the material rather than components such as Fe or Co
which are affected by hybridisation that polarize some atoms in Fe or Co/graphene
[13].

Chapter 6 explains graphene growth on bulk Cu single crystal, Cu(100) and
Cu(410). This is a preliminary study of interest structural feedback or faceting
feature as compared to Cu foil and plate. SEM, Raman and LEED analysis will be
presented in this section. Finally, Chapter 7 concludes the main findings of this

research and future works is discussed.

1.3 Properties of Graphene
Graphene is a two-dimensional sp? bonded carbon atom. Its primitive unit

cell, shown in figure 1-1(a), is a rhombus with two non-equivalent carbon atoms,

named as A and B respectively. The basis vectors of the unit cell are

a, = (ﬁ E) a, = <@,—a> (1.1)
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Figure 1-1:(a) the real space structure of graphene. The shaded area shows the unit
cell, with two inequivalent carbon atoms, A and B. (b) the reciprocal lattice of
graphene. Here the shaded region indicates the first Brillouin zone and the high
symmetry points: I', M, K and K'. Adapted from [14].
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where a = v/3a, is the lattice constant and a, is the C-C bond length (0.142 nm).

The corresponding reciprocal lattice vectors are

and these are shown in figure 1.1(b). The high symmetry points are shown and

have the vectors

r'=(00) K= (%%) M= (%O) (13)



Electronic Properties

The reciprocal lattice helps to describe graphene’s unique electronic band
structure which can be calculated using a nearest-neighbour tight-binding model.

It yields the following dispersion relation for graphene [15]

E(ky ky) = itJB + 2 cos(V3ky ag) (4

V3 3
+ 4 cos 7kya0 cos (Ekyao)

with t the hopping parameter (the nearest-neighbour (mt orbitals) hopping energy
t =2.8eV. E is an energy of electrons with wave vector, k, and k,, as shown in

Figure 1-2. a, is a lattice constant with value = 2.46 A.

Figure 1-2:The electronic structure of graphene, showing the valence and conduction
bands around the first Brillouin zone. On the right is a magnification around K point,
where the valence and conduction band meet. This shows the linear dispersion around
the so-called Dirac point. Taken from [16].



The most notable feature in the band structure is the linear dispersion
around the K point, where the valence band and conduction meet which is
highlighted in Figure 1-2. These points are referred to as Dirac points, and the cone
shapes dispersion called Dirac cones because of the nature of charge carrier in this
region: the linear dispersion implies they behave as if they are Dirac fermions,
guantum mechanically described by the relativistic Dirac equation.

Around the K point a nearest-neighbour tight-binding model accurately
predicts the graphene band structure and thus can be used to measure the
properties of graphene based on this structure. The linear dispersion around Kcan

be approximated to

E(q) = tvrlql+0((q/K)?) (1.5)

with ¢ = K — k, the momentum relative to the K point. Here vy is the Fermi
velocity which is given by

3tay, (1.6)
vF = 2

with t the hopping parameter as before. Around the K point, the density of states

(p(E)) is then

24, |E| (1.7)
Vs UFZ

p(E) =

3v3a?
2

Where A, = is the area of the unit cell. For undoped graphene, the Fermi

level sits at the Dirac point. On the other hand, for doped graphene, the shift in



Fermi level will cause a change in carrier concentration per unit cell (n). This can
be calculated using the Equation 1.7 to give,

2 (ED - EF>2 (18)
n=—|(— —
3n t

Where E, — Er is the energy of the Dirac crossing relative to the Fermi energy.
Optical Properties

Graphene is highly transparent. It has an opacity of 2.3 + 0.1 % and
negligible reflectance of < 0.1 %, and optical spectroscopy shows that the opacity

is practically independent of wavelength [17].

Epitaxy/Growth Properties

Graphene has a high mobility of electrons (1 = 2800 cm? V1s™1) at room
temperature. The electron density denoted as n is 8.1 x 10" cm™and

7.5 x 101 cm~2 at room temperature and 2.2 K respectively.

Mechanical Properties

1 and

A single sheet of graphene has an intrinsic strength 42 + 4 Nm~™
Young’s modulus of 1.0 + 0.1 TPa which makes graphene the strongest material
ever measured [18]. Despite properties, the fracture toughness of graphene is
measured as the critical stress intensity factor of 4.0 + 0.6 MPavm and the

equivalent critical strain energy release rate of 15.9 Jm~2 [19]. The cracked



graphene exhibit a fast brittle fracture behaviour with the breaking stress much
lower than the intrinsic strength of graphene [19]. It shows a great ability to

minimise the impact force compared to any known material.

Interest in Graphene Magnetism

Graphene has no d or f electrons, hence this mechanism is significant to
form a magnetic moment around the copper plate. Also these create tremendous
potential for making graphene as a spin generator in spintronics applications. In
principle, it can be done in a controlled approach by the introduction of defects to
graphene. Theoretically, there are many possible reasons for graphene
magnetism. Several attempts have been made to apply atomic-scale defect by
using adatoms and vacancies to manipulate and increase the spin-orbit coupling
in graphene [11], [20]-[25]. Some researchers [26]-[28] have been reported in
spin-polarised states at zig-zag edges. This phenomenon if in-plane homogenous
electric fields are applied across the zig-zag shaped edges of the graphene
nanoribbons and leads to controllable magnetic properties by external electric
fields. Recent evidence suggests that the grain boundary dislocation with the core
consisting of pentagon, octagon and heptagon (5-8-7) defect is a typical structural
element of dangling bonds and magnetism of grain boundaries with relatively low
energies [29]. This was studied by Monte Carlo simulations for a specific type of
defects within the grain. Alexandre et al. have been reported their ab-initio
calculations of one-dimensional defects with the ferromagnetic ground state at
domain boundaries [30]. The investigators have examined the effects of inducing
hydrogen-vacancy defect using the quantum-chemistry method. However, the
ferromagnetic ordering of the spins is obtained to be limited by the concentration

of hydrogen-vacancy defects and would be preserved if the number of defects



does not exceed eight [31]. Using tight-binding approximation, the analytic
solution in bilayer graphene has been derived for the wave function of unusual

surface states [32].

Magnetic Moments from Defects and Adatoms

The existence of localised moments is frequently described as an outcome
of Lieb’s theorem which derived for a half-filled single band Hubbard model [33].
This theorem expresses that on a bipartite lattice the ground state has magnetic
moment ug|N, — Ng| with N, and Ny are the number of sublattice sites.
Magnetic moment in the it band can be created with vacancy or removing a site
by placing on an adatom, if the defect does not strongly couple m and ¢ bands
[33]. Structural defects in graphene are important because they strongly influence
its physical and chemical properties, even at low concentrations. Other defects

include nanoparticle graphene etching.

1.4 Properties of MnSb

Manganese, Mn is a transition-metal atom and antimony, Sb is located in
a Group V atom in the periodic table. The combination of both groups of these
atoms represents intermetallic alloys called the binary transition-metal pnictides
(TMPs). MnSb can be presented in a range of crystallographic and magnetic
structures. Typically, it exhibits a double hexagonal niccolite (n) structure with an
ABAC stacking order and belongs to the space group P63/mmc (see figure 1.3(a)).
The stacking arrangement is such that the transition metal occupies the ‘A’ sites,

’

while the pnictogen (Group V) atom occupies the alternating ‘B’ and ‘C’ sites.

Although MnSb prefers the NiAs-type (niccolite) structure, it also exists in two
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other metastable (cubic [zincblende] and wurtzite) phases [34]. Figure 1-3 gives an
illustration of the three polymorphs of MnSb, namely (a) niccolite (n)-MnSb, (b)

cubic (c)-MnSb and (c) wurtzite (w)-MnSb structures.

(a (k)

.0-1—-> p'—-: ° -~ O ( E O
A Mn Mn A Mn Mn
b Sb a Sb Sb

A Mn Mn B Mn

c Sb b Sb
A Mn Mn A Mn Mn
c Sb a Sb Sb

[0001] [111] [0001]
(1120) (110) (1120)

Figure 1-3: Polymorphs of MnSb crystallize (a) niccolite (n) (b) cubic (c) and (c) wurtzite
(w) structures.

Their crystallographic information and lattice parameters are listed in Table 1-1.
The atoms of a zinc blende unit cell are referred to as tetrahedrally coordinated,

and those of a niccolite structure forms a trigonal prismatic geometry.

Table 1-1: Structural properties of the three polymorphs MnSb.

Polymorph Lattice Parameter (A) Reference
Structure a c
Niccolite (n-MnSb) 4.12 5.77 [35]
Zincblende (c-MnSb) 6.21 6.21 [36]
Wurtzite (w-MnSb) 4.29 7.0 [34]
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Hysteresis loop is generated by measuring the magnetic flux of a
ferromagnetic material while the magnetizing force is changed. Moreover, the
failure to retrace the curve of magnetisation in the opposite direction defines the
hysteresis property and it is associated with the domains of magnetism existing in

the ferromagnetic material.

T T 1
Thick Film
x 1/14
- on thermally
% cleaned GaAs
2
=
2 -
=
=
» i
N 0.01 degree
1 | i
'0-2 '001 0¢0 001 0-2

Magnetic Field (T)

Figure 1-4: MinSb/GaAs hysteresis curves adapted from [37] with a nominal thickness

1.5 nm. Thick solid line: type I, grown on thermally cleaned GaAs. Thin solid line: type

I, grown on a 15 nm GaAs buffer layer. The curve of type Il shows the same behavior
as that of a thick film ~1000 A, broken line.

Figure 1-4 shows the hysteresis curve of MnSb(0001) on GaAs(111) with
Sb-capped layer. This study by Akinaga et al. confirmed that MnSb magnetisation

loops of the thick and thin films were showing the same behaviour respectively.
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This motivated an interest in MnSb that has strong magnetic properties and can

be detected as thin as 1.5 nm.

1.5 Convention for Labelling Crystallographic Directions

With hexagonal lattice system, using Bravais-Miller system for labelling
crystallographic directions, the confusion rises from conventional three index
notation can be omitted. In Figure 1-5(a), three index notation leads to the
confusion when the [110] direction which is symmetrically equivalent to [120]
but inequivalent to [110]. Instead, the four indices (hkil) that obey the constraint
with h+k +i =0 where h,k and [ are identical to the corresponding Miller
indices, and i is a redundant index. Apparently, labelling using the four indices
system makes permutation symmetries is more obvious in a hexagonal lattice. It
is illustrated in Figure 1-5(b), the similarity between [110] = [1120] can be

differentiate when indicating the redundant index.
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[120] [0110]

(a) (b)

Figure 1-5: (a) Crystallographic orientations in hexagonal lattice with three
conventional index while (b) by Bravais-Miller indexing which remains unchanged by a
rotation of 120°.

Lattice mismatch is formed by the accumulation of total strain energy up to
the levels exceeding the structural transformation energy in the material used. In
this study, the mismatch epitaxy occurs when there are differences between the
symmetry of orientation between graphene and copper, that is, the hexagonal
grapheme over layer is seen on the copper foil surface lower symmetry lattice.
According to Wilson et al. [38], there is consistency in the angles measured and
calculated between the Cu(110) geometry surface unit cell and graphene
orientations which is 10.532 and 10.82 + 0.82 respectively. Hence the epitaxy of
graphene and Cu is a weak mismatch where Cu(110) (rectangular) defines

graphene (hexagonal) orientations [38].
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1.6 Wood Notation

Classification of overlayer structures can be described by using two
principal methods. First, is the matrix notation [39] and the second one is Wood
notation which is the most frequently used and simplest for describing a surface
structure [40].

The Matrix notation: The matrix system relates the vectors a’ and b’ to

the substrate vectors a and b using a simple matrix.

()=o) 9

Then, the matrix coefficients G is used to describe the surface reconstruction.

G:(Gu G12) (1.10)
G21 Gy

It is a more general and system describing surface structures which can be applied
to all ordered overlayers. It allows to describe incommensurate adsorbate layers
where both substrate and adsorbate do not share the same translational
symmetry.

The Wood notation: Wood notation first involves specifying the lengths of
the two overlayers vectors a’ and b’ and substrate unit cell a and b including the
rotated angle, which is written as

Mpy(m X n) — R® (1.11)

Or
Mp(m x n)R@’ (1.12)
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Here, (hkl) stands for the direction of the crystal (M):'m’ and 'n’ are the
proportionality coefficient of a’ and b’, a and b, respectively; @ is the angle of
surface unit cell rotating with the underlying substrate in an anticlockwise
direction.

Some examples illustrate below in Figure 1-6 to compare the matrix and Wood’s
notation respectively. If the assumption of rotation between substrate and surface

is zero, the R@’ is omitted.

(a)

Figure 1-6: Overlayers structures with the highlighted is adsorbate unit cell compare to
substrate unit cell. (a), (b) and (c) showing different notations in Wood’s and Matrix.

Figure 1-6 (a) describes as (V2 X v2 )R45° in Wood’s notation or

11 T 2 0
G (_1 1) for Matrix notation. While (b) is represents a (2 X 2) and G (0 2)

using Wood’s and Matrix respectively. The basis vector being aligned with the
substrate basis vectors. If the assumption of rotation between substrate and
surface is zero, the R@" is omitted. MnSb(0001) epitaxy can be determined by

following the orientation of epitaxy on both In0.5Ga0.5As(111) and GaAs(111).
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During the epitaxy MnSb, it is recommended that the magnetic anisotropy can be
altered significantly but the induced strain must not affect the semi-metallic
conductivity in the material [41].

Another crucial epitaxy matrix notation is proposed in Mousley et al. [41]
which shows a plausible epitaxy for GaAs(001) on MnSb(1101). GaAs(001) consists
of a group of square atoms having a lattice parameter of b = 4.00 A and it has a
two-fold symmetry when a researcher considers dangling bond directions and it is
compulsory to have a match with minimal distortions to the mesh of the surface
unit which is oblique for MnSb(1101). The perpendicular direction mismatch for

GaAs and MnSb[1102] is described using the Equation 1.13,

3a? . 1.13
y=\/C2+T=6.804A (1.13)

And notation

(o 2 o
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Chapter 2: Experimental Techniques

2.1 Chemical vapour deposition

Chemical vapour deposition (CVD) has been utilised to synthesize
graphene. This procedure initially was reported in 2009 [42] and has been
developed over the project. The CVD fundamental process is the condensation of
a compound or compounds from the gas phase on to a substrate where reaction
occurs to produce a solid deposit [43]. Apparently, this is the most promising
method, inexpensive and feasible for a single-layer or multi-layers graphene
production. CVD has been using transition metal such as nickel (Ni) and copper
(Cu) as substrates or thin films as a catalyst. The most famous carbon source is
methane (CH4) and reactant gas hydrogen (H) at high temperature (~ 950 °C) for
the nucleation of graphene [44].

The proposed growth mechanism of graphene on Cu substrate by CVD is
shown in the schematic diagram Figure 2-1 with (a) copper plate with native oxide;
(b) Native Cu oxide is reduced while Cu develops grains on the surface after
annealing at high temperature in H; environment; (c) The exposure of the Cu plate
to CHa/H; atmosphere at 950 °C leading to the nucleation of graphene islands; (d)
enlargement of the graphene flakes and coalescence of graphene domains with

different lattice orientation.
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(a)
Cu plate

Annealing at 950 °C
with H,

)
S d > >(

\L Growing at 950 °C

(c)

Coalescence of
graphene domain

Figure 2-1:Graphene growth mechanism by CVD with (a) Cu plate after cleaning, (b)
Cu grains develop during anneal at 950 °C, (c) Graphene growth starts with CH4 (gas
precursor) and Hz at 950 °C and (d) Enlargement of graphene flakes and coalescence
of graphene domains.
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Figure 2-2: CVD schematic setup at University of Warwick.

CVD setup in Warwick (Figure 2-2) which is commonly employed to

produce single layer graphene by Cu catalysts. It basically consists of a tube
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furnace for high temperature heating, a quartz vacuum chamber, a vacuum and
pressure control system for the growth condition adjustment, and several mass
flow controllers (MFC) to provide carbon source and reactant gases with a

necessary flow rate.
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Figure 2-3:The LabView control program for Warwick CVD system.

The heating process was monitored and controlled using the LabView
programme shown in Figure 2-3. The Lab View control software requires the
system to be powered with reliable power systems, filaments to be turned on and
the furnace to be checked. On the other hand, the cooling down process is
initiated by turning off the filament, opening the furnace lid and holding it open
with a wedge. In the ramp process, temperatures were maintained at 15 °C while
the anneal and growth processes both had temperatures set at 950 °C with H; and

CH4 flowing rate of 10 and 3 sccm respectively. Temperature is a crucial factor in
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examining the growth process. Graphene could only grow at temperatures over
600°C as the Cu catalytic effect and dissociation of methane and hydrogen
molecules could not take place below that temperature. For graphene growth on
Cu, temperatures are set up to 950 °C. Anything above that temperature will melt

the copper. High-quality graphene was also realised when heated at high
temperatures of up to 1000 °C, and it must not exceed the melting point of copper

which our experiment noted carefully [45].

Using high temperature, the reactivity of the methane, hydrogen and
copper will increase. This will allow the general reactions and at the same time
control how the growth progresses, nucleation and the growth rate. As
temperature increases, nucleation density of graphene decreases [46]. At lower
temperatures the rate limiting step for nucleation is thought to be movement of
carbon adatoms, and desorption at higher temperatures [47]. In addition, higher
temperatures decrease the copper surface roughness which lead to reduction of
number of sites of nucleation and improve the adsorbates mobility [48]. Annealing
at high temperatures could decrease the grains on the copper substrate. This
causes weak mismatched epitaxy of the graphene with the copper foil and allows
more uniformly orientated growth of graphene. Thus, copper needs to be
annealed under hydrogen before growth in order to improve the substrate
surface.

The rate of growth of existing islands and the rate of nucleation and
subsequent new islands determines the size of islands. The size of islands could be
controlled by the ratios and partial pressures of methane and hydrogen. As a
stable precursor even at high temperatures, methane is usually chosen in CVD
growth of graphene on copper substrates, compared to larger hydrocarbon which

have a high pyrolysis rate [49]. This cause a large amount of carbon deposition on
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the surface of the catalyst, and influences a larger number of defects in the
graphene sheets [47]. We used the minimum amount of methane to minimise

nucleation density and to allow large grain growth.

Using hydrogen with methane is crucial as it is responsible for the
activation of the surface bound carbon which is necessary for growth. Hydrogen
also helps to control size and morphology of graphene islands by etching weak
carbon-carbon bonds and preventing oxidation of the surface [50]. To produce a
very high density of small islands or a very sparsely distributed large grains, it is
critical to balance etching and growth of graphene. The growth could be altered
by changing the ratios of methane to hydrogen which will change the rate of
reaction and proportions of molecules of particular energies. The presence of
monatomic hydrogen radicals affect the growth of lobed graphene islands with
low concentrations linked to hexagonal graphene islands by considering the gas
phase equilibrium in a hot-wall CVD system [49]. The balance between hydrogen
and methane must be checked to produce the right balance between etching,
growth and nucleation to produce large or small grain graphene. In this study, we

used fixed ratio of H, and CHg as stated in Table 4-1.

CVD graphene growth on any substrate has triggered a general
phenomenon of step bunching (SB) on 2D materials. Yi et.al found that the SB can
occur even in the absence of a compressive strain, is enabled by the rapid diffusion
of metal adatoms beneath the graphene and is driven by the release of the
bending energy of the graphene overlayer in the vicinity of steps [51]. In this thesis

we called it facet features.
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Figure 2-4: Graphene bending energy illustrated for (a) nanofacet and (b) microfacet.
A grey circle represents graphene layers at steps and bending energy applies for
changing in direction (circle dashed-line). Red line is the relative energy of graphene
layer. Both figures are imagined as a same length on the substrate surface.

Figure 2-4 shows an illustration of graphene bending energy on facets. The
grey circle is representing C atom to form the most stable condition of graphene
layer on surface. Both figures are not scaled but imagined within the same length
on transition metal substrate. The illustration demonstrates that graphene on (b)
micro-facet needs to bend twice rather than (a) nano-facet with 4 times to firmly
attach to the surface. This bending energy is minimised after faceting occur. This
signature behaviour that we can see previously in our foil and facet direction
always on (100) + (210) due to roll to roll Cu foil production [52]. It is roll-based

production of graphene films grown on Cu foil.

2.2 Molecular beam epitaxy

The technology of crystal growth has improved tremendously during the
past decades. In the midst of these approaches, the development and refinement
of molecular beam epitaxy (MBE) has been among the most important. Crystal

growth by MBE is a versatile technique for growing thin epitaxial structures made
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of semiconductors, metals or insulator. It is simply crystallization by condensation
or reaction of a vapour in ultra-high vacuum (UHV). What distinguishes MBE from
other vacuum deposition techniques are its significantly more precise control on
the beam fluxes and growth conditions. Because of vacuum deposition, MBE
growth is carried out under conditions far from thermodynamic equilibrium and is
governed mainly by the kinetics of the surface processes occurring when the
impinging beams react with the outermost atomic layers of the substrate crystal.
Molecular beam epitaxy (MBE), first successfully conducted by Arthur and
Cho [53] in 1960 is a technique that allows the growth of thin film of crystalline
materials on a substrate of the same (homoepitaxy) or different (heteroepitaxy)
material. The applications of MBE are vast especially in a technology that
fundamentally depends on the growth of multilayer heterostructures such as,
solid-state, high-speed transistors, light emitting diodes, and microprocessors. The
reason MBE is very significant is its ability to control the thickness of growth
material to the atomic level. Besides, MBE is very powerful technique to ‘fine tune’
the electronic and structural properties of the thin film using strain engineering.
The working principle of MBE is very simple and straightforward. The
molecular beams is formed from the heated shuttered cells containing source
material (sublimation) and directed towards the substrate. This process in only
feasible under vacuum conditions as a result of the large mean free paths possible
at such low pressure, <10™ mbar. Under certain conditions like baked vacuum
chambersi.e. Hy, H and CO in which either or both of the electronic properties and
crystallographic structure are affected by the contaminant’s integration, one must
ensure that the density of contaminants remains as low as possible. This will
require a more intense condition on the base pressure and the usage of UHV,

where the background pressures should be < 10° mbar [54].
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Figure 2-5: A schematic of Warwick MBE growth chamber. Effusion cells with Mn and
Sb as source material are directed towards a sample substrate heated to the required
temperature. RHEED allows in situ observing of the surface on the substrate.

MBE setup is shown in Figure 2-5. On a removable sample plate which is
embedded into a manipulator, a target substrate is attached to it with the
substrate directed shuttered effusion cells. Owing to this, the reflection high
energy electron diffraction (RHEED) can be used to assess the surface crystallinity
and harshness, determine the symmetry, growth orientation and surface
reconstruction.

More detailed discussions of the RHEED technique are reserved for Section
2.3.1. The shuttered effusion cells made of ceramic crucible, normally a pyrolytic
boron nitride, PBN or alumina and are heated either in direct thermal using a hot

filament or by electron beam (e-beam) heating. The growth material determines
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the heating method used. According to the Clausius- Clapeyron equation, source

materials shows a vapour pressure-temperature behaviour,

—AH

L)

(2.1)

where P is the beam equivalent pressure as measured by a pressure gauge in the
path of the beam (beam flux gauge, BFG), AH is the enthalpy of sublimation or
evaporation (depends on source material) at a temperature T and R is the molar
gas constant.

As mentioned earlier, the enthalpy of sublimation is dependent on the
source material. For materials with substantially large entalphy of sublimation
such as nickel, sublimation process is considerably difficult to happen [55]. This
material would incline towards the electron beam (e-beam) heating method, often
with high purity rods (> 99.99% pure) source material exposed in the vacuum. For
materials with low enthalpy of sublimation, direct heating to the crucible is
substantial to achieve the required beam pressure. The beam pressure stability
can be neglected over the growth time. For low sublimation enthalpy material, the
thermocouples is used to stabilise the source temperature and a proportional
integral derivative (PID) control is used to regulate the power output from the
cell’s power supply.

At the surface of substrate, atoms and molecules can undergo a number of
chemical process at atomic level as shown in Figure 2-6. The rate of each process

is determined based on the equation below,

—E, 2.2
Ry = vgexp (_kBT> (2.2)
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where E,, is the barrier height associated with each process, v, is the frequency
related to the lateral vibrations of the atom, and T is absolute temperature of the

surface.
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Figure 2-6: An illustration of the process which can occur at surface during surface
growth.

When the atoms come close or in contact to the surface, the atoms can be
adsorbed physically (physisorption) which is characterised by van der Waals
interaction or chemically (chemisorption) which occurs when atoms undergo
electron exchange process to the substrate. There are few factors that can affect
the resultant thin film. The desorption rate of atoms from the surface substrate
depends on the substrate temperature. Not only that, the substrate temperature
also affects the kinetic of atoms to migrate on the surface. Next the relative
desorption rate (sticking co-efficient) depends on the chemical potential at the
surface which is closely associated with the relative abundance of the growth
elements that is determined by the beam flux ratio [56]. Besides that, the
structural difference between the substrate and the growth layer plays an

important role in this process.
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Figure 2-7:Schematic of three idealised growth mode (a) three-dimensional island
growth, (b) layer- by- layer growth, (c) wetting layer with three-dimensional island
growth.

There are three ideal growth modes which are affected by the interactions
between the growth atoms and the substrate. The layer-by-layer growth, known
as Frank-van der Merwe mode is favoured in most applications. In this mode, one
atomic layer is formed completely before another layer is formed as shown in
Figure 2-7(b). However, when the interaction between growth atoms is stronger
than interactions between growth atoms and substrate, the 3D island or Volmer-
Webber mode is preferred as shown in Figure 2-7(a). Laying between these two
modes is the hybrid between the layers and 3D island known as the Stranski-
Krastanov mode, Figure 2-7(c) and is observed in the growth of semiconductor
guantum dots.

The growth modes are not limited to only those three above even though
they are the ideal modes. The crystallographically oriented nanorods can grow
spontaneously in-plane or out of-plane from the surface substrate [57], [58] .
Other than that, endotaxy is another mode in which oriented crsytallites grow into
the substrate due to the high chemical reactivity at the interface which have been

observed with MnSb on InP(111), [35] and MnSb on GaSb(001), [59] .
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2.3 Electron diffraction technique

The electron diffraction method has been developed based on the
wavelike nature of electrons. Fundamentally, a beam of electrons is accelerated
to the sample and the diffraction pattern that is formed from it can be utilised to
examine the sample. In this section, two particularly advanced electron diffraction
technique will be discussed, reflection high-energy electron diffraction (RHEED)

and low-energy electron diffraction (LEED).

2.3.1 Reflection high-energy electron diffraction

RHEED involves electrons of high energy which lies between 8 to 20 keV.
The electrons incident upon a surface at a grazing angle between 1 to 6 degrees.
The electrons then emerged as diffracted beams and projected onto a phosphor
screen. The primary reason for the incorporation of this technique into MBE
chambers is the electron beam is perpendicular to the direction of the molecular
beams, as shown in Figure 2-5. As a result, during growth, the behaviour of thin
films can be observed in real-time which can give insight on both structural and
morphology of the surface. The structural information can be obtained in the form
of surface periodicity and in-plane lattice parameters. In the meantime, the
diffraction patterns can give information about the presence of 3D islands,

roughness of a surface and crystallisation of a material.
The electron beams will undergo elastic scattering and forms scattered beams.

The energy of the electrons is conserved in Equation 2.3,

|E; = E/| (2.3)
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where Ef is the final energy of the scattered electron and E is the incident energy

of the electron. Momentum and energy are related via Equation 2.4(a)

_ h%k? (2.4a)

2m,

Since i and m, are constant, the equation could be simplified as

|kf| = |kl (2.4b)

where k¢ is the final wavevectors of an electron and k; is the initial wavevectors

of an electron.
If the diffraction occurs in 3D, the k; can change only by a discrete amount with

regards to the 3D reciprocal lattice G, of the scattering crystal,

(b) T
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Figure 2-8: Ewald sphere construction for (a) 3D reciprocal lattice, (b) 2D reciprocal
lattice also shown is the intersection of the Ewald sphere with the reciprocal lattice
rods resulting in the formation of streaks.

30



In which G;j is a lattice vector of the 3D reciprocal lattice. Equation 2.5 can be
represented graphically using Ewald sphere construction, as shown in Figure 2-8.
In this sphere construction, a circle with radius k; is drawn on a 2D projection,
originating from reciprocal lattice point. All points that lie on the surface of the
sphere will satisfy the diffraction conditions and Equations 2.3-2.5.

At the surface the periodicity becomes depleted perpendicular to the
surface causes the reciprocal lattice points to form infinitely long rods. The long
rods are also perpendicular to the surface. Accordingly, Equation 2.5 reduces to
the following form,

kf = ki + Gij (26)

Gi; is now a vector of the 2D reciprocal lattice. Ewald sphere is reduced to a circle
as shown in Figure 2-8(b). All points that are in the perimeter of the circle satisfy
the diffraction conditions. In RHEED, the intersection between Ewald sphere and
the reciprocal lattice is almost tangential because Ewald sphere is greater than the
width of the reciprocal lattice rods.

In case of a perfect surface, the pattern formed will be made up of a series
of spots where the interception of the rods and Eward circle is apparent, but this
is not observed due to the heat contamination. Thermal diffuse scattering and
finite-size disorder the rods gain a finite width and so the intersection results in
the formation of streaks, as indicated in Figure 2-9. Besides, if the electron source
is not monochromatic, it can cause the formation of a range of incident
wavevectors although the effect of the surface disorder is always greater than the

width arising from the source [60].
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Figure 2-9: RHEED pattern obtained from a MnSb(0001) surface with the electron
beam orientated along the [1120] direction showing a (2x) periodicity. On the right is
the schematic of the figure highlights the key features of the pattern. Image courtesy

of Dr Chris W. Burrows.

2.3.1.1 RHEED pattern interpretation

The RHEED patterns can be very difficult and hard to interpret because of
multiple phenomena which occurs when the electron beam strikes the surface.
Figure 2-9 shows an example of RHEED pattern with a corresponding schematic.
There are few characteristics in the pattern that are important. Firstly, the intense
streak which is connected to shadow edge is the integer order streaks that are
formed due to diffraction from rows of atoms in bulk-like positions. The less
intense streaks are the fractional order streaks that are formed due to surface
reconstruction. This indicates that the surface has been reconstructed in any way
possible and the surface periodicity is different from that of the bulk. The example
pattern shown in Figure 2-9 has a single fractional streak between the integer
streaks and is indicative of a (2x) periodicity. The sample need to be rotated about

the normal surface to determine the reconstruction of the surface. The angle of
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rotation differs in each symmetry of the surface. For surface with square

symmetry, for instance the I1I-V(001) surfaces the sample has to be rotated 90°

while for surface with hexagonal symmetry like MnSb(0001) or 11I-V(111), the

sample has to be rotated by 30° to determine the reconstruction.

Another important characteristic in RHEED pattern is the dotted lines
which is renowned as Kikuchi lines. Kikuchi lines are formed when the inelastic
scattered beams acting as incident beams inside the crystal. Kikuchi lines can be
used as an indicator of crystallinity and quality of the layer as they are able to be
diffracted from bulk planes. They can also be used to align the crystal along high
symmetry directions as they are specific to the orientation of crystal under study.
Another characteristic is the area of lower edge of the phosphor screen which
correspond to Laue zones which are formed when the Ewald sphere intersects

higher order reciprocal lattice rods.
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Figure 2-10: Geometric of RHEED pattern to determine lattice parameter. The left-
hand side shows the reciprocal space correlation between the Ewald sphere and
diffracted beam directions. The right-hand side shows the observed streak pattern.
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The distance between integer streak spacing can give information about
the in-plane lattice parameters. By using the small angle approximation, the angle
between two diffracted beams, 6, can be calculated by using formula below:

_a (2.7)
tand =60 = X

i

where a is the reciprocal lattice spacing. From Figure 2.10, reciprocal lattice
spacing can be derived as

’ kiS (2.8)

where s is streak separation that is equivalent to the 8, and L is the camera length.
The real space lattice parameter is inversely related to the reciprocal lattice

parameter, hence the Equation 2.9(a) and (b),

21
a== (2.9a)
a
2L (2.9b)

a=——"FT—"-—
sing k;s

the spacing relation has been normalised for non-square surfaces where the angle
between the primitive lattice vectors, ¢ has been taken into account. In this thesis,
RHEED gun was operated at 12.5 keV and k; is 5.7 x 101 m™1, and the camera
length is 280 mm.

In this work, the streak spacing was determined using a standard digital
camera to capture the still image of the diffraction pattern. The image was then
analysed using Imagel. The quality of the image can be improved by converting

the pixels to millimetres through the usage of two phosphor squares, (the distance
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between the two squares is known) attached to one side of the RHEED screen
flange. The incident angle of the beam can be measured from the separation of
the straight-through beam and the specular refection, with 8; = 8,,; when the
calculation of size terraces is performed. The radius of the zeroth Laeu zone, where
the specular line is located can be used to determine the incident angle following
the equation [60]

R = Ltan6; (2.10)

where R is the radius of the zone, L is the camera distance and 6; is the angle of

incidence.

2.3.2 Low-energy electron diffraction

The way RHEED works is similar to LEED except that electrons in LEED possess
energy of 20-200 eV. The low energy electron ensures the surface specificity which
have IMFP values in the range of 2-10 A. Consequently, the probing depth is also
limited to this range. LEED is particularly more significant when analysing rotated
domain structures or more complex reconstruction as the complete periodicity of
the surface reconstruction can be captured in a single image. This is owing to the
change from grazing to normal incidence that results in a plan-view projection of
the reciprocal lattice/Ewald sphere interaction.

In comparison to RHEED, LEED has a disadvantage which is the lack of
sensitivity to the surface morphology and 3D surfaces. This is because the transfer
width in LEED lies between 30 and 100 A and is significantly lower than RHEED
[61].
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2.4 Microscopy techniques

2.4.1 Atomic force microscopy

Atomic force microscopy technique was developed by Binnig et al. [62] in
1986. As a result, a surface can be scanned with a higher lateral resolution than 10
nm and a lower vertical resolution than 1 A without having to endure the

complexity of UHV conditions.
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Figure 2-11: AFM schematic of the optical detection of cantilever movement. The
cantilever is deflected up and down due to changes in surface topography and a
photodetector is used to determine the direction of deflection through the movement
of a reflected laser spot as illustrated on the left-hand side of the figure.

The interaction between the surface and the tip in AFM is the underlying
method. A sharp tip, usually 10 nm to 25 nm across at the apex is attached to the
end of a soft cantilever is moved across the surface and the distance of the tip to
the surface is within a few angstroms. Any forces that act on the tip causes the tip
to be deflected away from its equilibrium position. The deflection corresponds to

the force experienced by the tip. The deflection is then measured using a laser
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beam. A laser beam from the back of cantilever is reflected onto a four-zone
photodetector, as depicted in Figure 2-11 (only two photodetector zones are
shown, A and B). When the cantilever is deflected, the laser spot moved on the
photodetector and and each photodetector received different laser intensity. The
difference in intensity between the top A and bottom B halves of the
photodetector correlates with the force felt by the tip.

AFM is consisting of two main operating modes, contact and tapping. In
contact mode, the deflection is constant. In order to do so, the tip needed to touch
the surface and raster scans using a feedback loop. Meanwhile in tapping mode,
the distance between the tip and surface is kept constant. The cantilever oscillates
slightly higher than its resonant frequency and any forces that acts on it will
change the amplitude of oscillation will give information on the topography of the
surface. In practice, all of the work in this thesis was done using a Veeco
Multimode with contact mode. The tips used were CSC 17/AL BS (k= 0.18 N/m, 13

kHz, resonance frequency).

2.4.2  Scanning Electron Microscopy

Optical microscopes are limited by the wavelength of light, thus electron
microscope is developed because the electron has shorter wavelength than light.
This shorter wavelength of electron is able to provide a better resolution, down to
a few nanometres in size of a surface features and defects that vary in size from a
few angstroms to a few micrometres.

Electrons accelerated to tens of keV are treated as waves which has a very
small wavelength. A thermionic electron gun or a field emission gun is used to

generate a beam of electron with typical energies of 1-20 keV. After the
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generation, the electrons are accelerated and focussed onto the sample using a
series of electrodes. Magnetic coils produce an interaction of mobilise charge with
magnetic field. It is then used to manipulate the electron beam. By acting as a
series of lenses, the coils focus the beam and the scan coils steers the sample

across the sample afterwards.
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Figure 2-12: (a) SEM instrument schematic, (b) Mechanisms of SEM and (c) lllustration
of the random excitation in the sample before primary excitation out from the sample.

Sample

A schematic for an SEM instrument is shown in Figure 2.12(a). Panel (b)
shows SEM mechanisms when the electron beam hits a sample. The electrons may
scatter either elastically or inelastically. Different number of waves emit from this
mechanism such as backscattered electrons, secondary electrons and x-ray. This

depends on the electron beam energy and density of the material. On the SEM
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image, there are a number of contrast and imaging mechanism that can be
determined by the detection rate of different types of emission when the electron
beam is pointed to the corresponding point of sample. This probes various

features and properties of the surface. SEM needs to be carried out in vacuum at

pressures higher than ~10_4 mbar because the electron beams can be readily
attenuated by gases.

As mentioned above, there are various types of emission but the main type
which is also used in this work is secondary electron emission. Secondary electrons
which have low energy emerge from the sample when the incident electron beam
collide with the sample. These secondary electrons are accelerated to the
detectors through a positive potential to provide an image. Note that, in this mode
the main contributor to the image contrast is surface topography. To obtain
several high magnifications of the sample, backscattered electrons [63] were used
as it had higher energy than secondary electrons. The sample is tilted to 70" relative
to the electron source, and a phosphor screen at 90" placed near the sample [64].
Some of the incident electrons are inelastically scattered backwards by the
sample, and some of these scattered electrons are incident on atomic planes at
the sample surface that satisfy Bragg conditions. Because the energy loss during
the inelastic scattering is small (15-25 eV), the wavelength is considered to be
unchanged. However, the electrons are now incoherent, and so after diffraction
they form Kikuchi bands rather than diffraction spots on the phosphor screen. The
angles between Kikuchi bands is measured (usually through a Hough transform)
and compared with reference angles for the specified material. In this way, the
crystallographic structure is measured at that point and a map of the structure is
produced by rastering the beam. All work in this thesis use Zeiss Supra and Gemini

in Warwick Microscopy Facility.
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2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy, (XPS) is one of the surface spectroscopy
methods to determine the chemical composition of the surface. A surface is
illuminated with monochromatic x-ray to excite the electron into the vacuum from
its ground state. The kinetic energy of the photoemitted electron can be measured
to determine the binding energy. From the analysis of binding energy, the sample

composition and electronic structure of the surface can be acquired.

In order to excite an electron from the atoms, the photon energy of the x-
ray must be higher than the binding energy of the electron to the nucleus. By re-
arranging the Koopman’s theorem below,

Ek = hv — Eb - ¢ (211)

where E), is the single electron binding energy and ¢ is the work function of the
sample.

The kinetic energy of the electron can be determined since hAv is the
photon energy of the x-ray, E}, is the kinetic energy that the photoemited electron
possess, and ¢ is the work function of the sample which differs according to the
sample.

This theorem is an over simplification as the model is never observed
because there are two relaxation process that takes place. First relaxation is the
recombination of the excited electron to the lower energy energy state because
the nucleus becomes more positively charged, thus creating stonger electron
affinity. As a result, intra-atomic relaxation potential is induced.

Second relaxation is the inter-atomic relaxation which occurs with the

conduction electron. In metal particularly, the mobile conduction electrons acts as
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to reduce the change in potential observed by the core electrons. Therefore, a
more reliable description of photoelectron energy can be deduced as below

Ey=hv— Ey+E, +E — ¢ (2.12)

where E, is the intra-atomic relaxation energy and E, is the inter-atomic
relaxation energy. The value of inelastic mean free path (IMFP), together with 4
(Ey) of electrons give rise to surface specificity in XPS. IMFP which usually vary
between 5 and 30 A is calculated using the TPP-2M equation derived from
Tanuma, Penn and Powell [65]. The spectra that is produced contains several
peaks and the peak areas can help determine the surface composition. Several
factors have to be taken into account when analysing the spectra such as the scan
dwell time (D), the number of scans (ns.,), the atomic sensitivity factor
(aqss) and the probing depth, which depends on A (Ey). The area under the peak,
AP is given by

AP =jC(Z) exp (ﬁ) dz (2.13)

where C(z) is the elemental concentration profile in the surface region, t is the
thickness of the surface and 8 is the take-off angle (TOA) relative to the surface
plane. The scans will be more sensitive to the surface if the TOA is decreasing
because the probe is decreasing as well. This effect is very significant during the
studies of sub-monolayer deposition or segregation. Fundametally, this model is
reliable to determine the concentration profile, but this is undeniably time
consuming and and will produce a very rarely unique solutions. Therefore, another
assumption has been made, which is C(z) is constant so A” « A(E}) and the

normalised intensity I” , can be defined as
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A (2.14)
~ aA(E,)D

P
where a is the atomic sensitivity factor for the core level, and D is the total dwell
time per point in the scan region. AP is obtained from peak fitting software after
substration of an appropriate Shirely background [66]. From this assumption, the
peak area ratios can be taken and a first approximation of the surface chemical
composition can be determined.

However, this assumption is not always applicable in every situation. In
such situation, XPS experiments can provide an insight on the concentration
profile. The concentration profile strongly affects the area of the peak, being a
direct measure of the number of atoms present in the surface region. It is possible
to simulate appropriate structures and calculate concentration profiles for these;
however, this is time consuming and results in non- unique solutions.

In this work, all XPS data shown were acquired from the Science City XPS

(Omicron GMBH) located at University of Warwick using a monochromatic Al Ky

source with approximate excitation energy at 1486.6 eV. CasaXPS fitting software
[67] was used afterwards to analyse all data. Each sample was loaded to
preparation chamber and experienced an argon sputtering for removing
potentially carbon contamination due to atmosphere exposure. The lowest energy

argon beam was used to minimise chemical damage to the underlying material.
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2.6 Raman spectroscopy

Raman spectroscopy is a technique based on inelastic scattering of
monochromatic light usually from a laser source. Inelastic scattering means that
the frequency of photons in monochromatic light changes upon interaction with a
sample [68]. Photons of the laser light are absorbed by the sample and then
reemitted. Frequency of the reemitted photons is shifted up or down in
comparison with original monochromatic frequency, which is called the Raman
effect. This technique illustrates the reflection of electron-phonon interactions
and electronic structure evolution [69]. Diverse investigations have been
undertaken with a view to determine the reason why graphene has a 2D peak. As
a result, different techniques have been proposed by different researchers. 2D
double peaks present in graphene are crucial in this experiment since they can be
used in optically determining the charge density through the behaviour of peak
split decrease in correspondence to an increase in the charge density. In addition,
the G-band shifts with charge can be used in determining the fluctuations of
charge density. 2D are associated with the outer and inner Raman scattering
processes [70]. Electronic bands evolution technique has been the most

neglected, which evaluates the number of layers of graphene film formed.

The change in excitation energy has a significant impact on the peak
changes. In a similar manner, the double resonance (DR) process, which operates
by linking vectors of the phonon wave to the structure of the electronic band [71],
also impacts peak changes. On the other hand, Raman scattering works within DR
which is a fourth order process comprising of four main virtual transitions. These
include electron-hole pair laser-induced excitation, electron-phonon scattering

both having exchanged momentum near to the symmetrical point and away from
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the point of symmetry, K, and recombination of the electron-hole. The
conservation of energy in these transitions is vital for reaching the DR condition
[71]. Thistechnique is able to differentiate 1 to 5 layers clearly, based on the 2D/G
band ratio. Raman spectra in this study is measured using Renishaw inVia Reflex
at 532 nm with 50X objective. Extreme care is taken to avoid sample damage or
lased induced heating. Different spots are taken to get the average of the surface

that covered with expecting graphene after CVD growth.

2.7 Bulk magnetometry

In this work, bulk magnetic properties of MnSb films have been characterised by
superconducting quantum interference device (SQUID). SQUID magnetometer has
a superconducting ring containing two junctions known as Josephson junctions.
Both of the junctions are made from thin insulating layers. One of the two
branches of the ring is exposed to the magnetisation of the sample. The Josephson
junctions has resistance that can be measured by manipulating the size and sign
of the magnetisation of the sample.

With regards to this work, hysteresis loops of MnSb is obtained using SQUID
technique and sample magnetisation that varies with temperature is acquired

using SQUID technique.

44



Chapter 3: Pre-growth Substrate Preparation

3.1 Introduction

In this chapter we optimise Cu substrate preparation for graphene growth
in CVD. Many attempts have been made to understand the growth mechanism of
graphene since it was first published in 2010 [72]. What we know about graphene
growth is primarily based on empirical studies that investigate how to produce
large grains of crystalline graphene [73]. Scalable production of graphene by CVD
is practicable and suitable for industrial applications. The protocol for graphene
growth in LP- CVD was reported in 2013 using low-cost Cu foil (0.025 mm thick)
[38]. Using this foil had triggered some issues for overlayer MnSb experiment on
MBE. Based on our own failed experiment, it shows the foil is not suitable for
transfer in MBE. The sample holders in MBE are suitable for more rigid substrates

and the flatness of Cu foil had compromised the RHEED in-situ measurement.

Figure 3-1: RHEED pattern for Cu foil mounted on MBE sample plate holder. Pink
colour on the top highlights a contrast image of shadow edge with black line as a
vision guide for eyes.
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Figure 3.1 shows the RHEED pattern of Cu foil measured as in-situ in a MBE
chamber. The difficulty of handling Cu foils for MBE is highlighted by the RHEED
pattern shown in Figure 3.1, obtained from clean Cu foil after carefully mounting
on an MBE sample plate, introducing to the vacuum system and preparing a clean
surface by ion sputtering and annealing. The main RHEED screen photograph
(lower part, green) shows clear diffraction features which can be associated with
large Cu(100) grains in the foil. The diffuse nature of the streaks is due to the
varying surface texture in the polycrystalline foils averaged over the electron beam
footprint. However, it is also clear that the foil is not planar. The shadow edge of
the RHEED represent the part of the screen obscured by the substrate itself. For a
flat substrate such as a semiconductor wafer, this is sharp and straight. Non-planar
features on the surface can be observed as silhouettes. The upper part of the
image (pink) shows the section around the shadow edge (above the white dashes
in the main image) after colour inversion and contrast enhancement. The black
straight line can be used as a guide: it is very clear that the surface of the foil is not
flat, even after the careful handling. Samples of graphene on Cu foil were also
provided to a research group in Anan National College of Technology Japan (Prof.
Shiro Tsukamoto) for attempted growth of GaAs and InAs by MBE. However, Prof.
Shiro’s group also reported practical difficulties with the thin foils. Hence thicker
and more robust low-cost polycrystalline Cu substrates were investigated. To
overcome this problem, we suggest using thicker foil (plate) with 0.25 mm
thickness due to its rigidity and low cost (compared to single crystal). Product
specifications and grain characteristics before growth for both foil and plate are

explained in Table 3-1.
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Table 3-1: Characteristics of two sets of commercial copper used in this study.

Copper / thickness Foil , 0.025 mm Plate, 0.25 mm
Purity (%) 99.8 99.99
Conductivity High High (Oxygen Free Free
Conductivity)
Oxygen content >5ppm <5ppm
Annealed Yes Yes
Grain size Typically mm Tens to 100s um
Texture Mostly Cu(100) with Mixed orientation
smaller (111) inclusions
Rigidity Soft and flexible Half hard and rigid

Supplier/Reference

Code

Alfa Aesar/46365

Advert Materials
/1346112
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Figure 3-2: EBSD grain size texture (a) Cu foil, (Image adapted from [38]) and (b) Cu
plate. Blue, green and red indicates (111), (101) and (100) grains respectively. Other
colours represent direction that lie in between these grains.
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Figure 3-2 shows the textures as measured by EBSD for both foil and plate.
The image in 3.2(a) for Cu foil shows long grain boundaries between a large (100)
grain (top left) and two non-(100) grains (lower left and right). Grains extend off
out of the image are for several mm and most of the surface is close to (100) for
this cold-rolled foil [38]. RHEED in Figure 3-1 also implies large grains because the
beam footprint on the sample is several mm long. Inclusions of Cu(111) can be
seen (blue) with dimensions of tens to ~100 um. By contrast, the Cu plate shown
in Figure 3-2(b) has a much smaller grain size (tens to hundreds of um) and a far
wider variation of crystallographic texture. The smaller grain size is consistent with
the supplier description of the plate as “half-hard”. This chapter will focus on pre-

growth substrate preparation using Cu plate with Cu foil as reference.

3.2 Experimental details

The preparation for Cu foil is presented in Figure 3.3 (a). It consists of 2-steps, after
which the foil is ready for graphene growth. The Cu foil wrinkles can easily be

introduced by manual handling before the below procedures are applied.
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Figure 3-3: (a) 2-steps and (b) 4-steps preparation methods for Cu foil. Refer to Figure
3-4 for electropolish details.

For Cu plate, an extra chemical-mechanical polishing step was applied
beforehand because the 2-steps process proved unsuitable. Figure 3-3(b) shows

the additional steps. A commercial Brasso polish was found to be effective and
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was applied evenly to the plate surface in small circular motions. It was left for a
few minutes before buffing with a dry cloth. Cu plate had been rinsed using the
same procedure with foil. After these extra steps, Cu plate went into an
electrochemical solution with 3 different electrochemical etch times (10s, 15 s, 20
s) and then rinsed for the second time.

Figure 3-4 shows the electropolishing setup supported by crocodile clips,
where the Cu foil/plate was placed into the solution. A large Cu plate was used as
the cathode, the solution was 1000 mL of water, 500 mL of ortho-phosphoric acid,
500 mL of ethanol, 100 mL of isprophyl alcohol (IPA) and 10 g of urea. A Hewlett-
Packard 6612 System DC power supply was used to supply constant
voltage/current. The voltage had been set to a constant value between 4.5 to 5.0

V, the current quickly settled to constant value (~ 1 A) and it applied for 10 s.

Figure 3-4: Electropolishing set-up for Cu foil/plate (a) large Cu cathode connected to
negative terminal (black wire) of the power supply, (b) Cu foil/plate connected to
anode (positive terminal, red wire) in the middle.
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3.3 Results and discussion

We found the 2-steps substrate preparation was not a promising method
to grow graphene in CVD. It has been challenging to achieve large graphene grains
since it depends on reproducibly obtaining a clean copper surface free of
adventitious carbon or other carbon sources before methane is introduced into

the CVD system.
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Figure 3-5: SEM images for 2-steps pre-graphene growth (a) Cu foil, (b) Cu plate, inset
is a highlight of grain boundaries and impurity spots, (c) and (d) Raman spectrum for
both Cu foil and plate respectively, red line is Gaussian fit.

Figure 3-5 shows the SEM images for both copper foil and plate with Gr

growth. Panel (a) shows Cu foil with a full coverage of graphene monolayer and
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bilayer confirmed with Raman peaks. Panel (b) shows many white particles and
top right is the processing image to highlight the grain boundaries and impurity
spots using MIPAR software. Thresholding was reliable for counting impurity
spots. The thresholding value was adjusted to get the acceptable separation
between the white spots but showed that more spots were mixed and became
larger than the actual image. Therefore, manual counting was chosen to get the
density. The impurity spots emanating from the Cu plate had a density of
approximately ~10.5 pm. The grain boundary in panel (b) has visible contrast but
is also decorated by a higher density of impurity spots. As known from previous
foil studies [38], the impurity spots originate as contamination where segregation
occurred from bulk or surface itself. We did not do XPS for 3 reasons. Firstly, the

spatial resolution is much higher than the impurity spot size. Our Kratos imaging

pixel size is approximately ~3 Pm and therefore not useful for small particles.

Secondly, C 1s is not distinguishable between graphene and adventitious carbon.
Lastly the samples had been exposed to air while transported to XPS and the Cu
had been oxidised. Panel (c) shows the Raman measurement. For single layer the
ratio of 2D/G must lie in between approximately ~ 2 to 4 [74]. For Cu foil, the ratio
is 2.66. It is higher in plate with 3.73 but still in the ratio range between 2 to 4. The
Cu plate still has produced almost a full coverage of monolayer regardless of the
higher density of impurity spots. On the other hand, bilayer patches are not

cleared in the SEM due to the many impurity spots covering the image.

53



Figure 3-6: AFM topography for graphene on 2-steps prepared for Cu plate (a)
topography, (b) vertical deflection and (c) horizontal deflection [Black circles
highlighted impurity spots while arrows show a graphene grain boundary.

The AFM image in Figure 3-6 (a) shows the topography and two main
features are visible. The stripy pattern from top left to bottom right is Cu faceting.
Some discrete points can be seen at the top right corner and was identified as
impurity spots, the black circles highlighted two of the spots. It presents similarly
universal graphene growth on Cu foil and the RMS roughness was calculated
approximately ~54 nm for 10 x 10 um image size. The RMS roughness for 2-step
Cu plate is 5 times higher than Cu foil. In panel (b), it shows vertical deflection
image as for short-range topography. The impurity spots now can be seen clearly
as expected from SEM, faceting becomes very clear and the periodicity of facets is
approximately ~300 pm. AFM probes a tiny area compared to the grain size in
Figure 3-2(b) and it might expect different facet pattern might be expected on a
different Cu grain. However, we conclude that structural feedback or faceting is
not limited to thin foils. Facets are clearly visible with regularly orientated terraces
and facets interspersed with smooth regions. The simultaneously acquired friction

image shows that the facetted regions are associated with graphene [38].
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Figure 3-7:Reflected light microscope images for (a) Cu plate as purchased, (b) Cu
plate after 2-steps and (c) Cu plate after 4-steps with 20 s electropolish.

The light microscope images in Figure 3-7 compares the Cu condition using
the 2-steps and 4-steps method respectively. It displays smoother surfaces taken
using the optical microscope at different stages of the cleaning of the copper plate.
The CMP stage is needed to reduce the very high initial surface roughness and the
likely surface contamination of the supplied Cu plate. To get the result in Figure 3-

7(c), we tried 3 different etching time and represented in Figure 3-8.
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Figure 3-8: SEM images of Gr on Cu plate after 4-steps substrate preparation with (a)

10s, (b) 15s, and (c) 20 s electropolishing time. Growth condition for this study is 20
mins anneal with 5 sccm Hz at 950 °C, 30 mins growth time with 10 sccm H; and 3

sccm CH4 and cooling to 600 °C with 5 sccm Hz and 2 sccm CH,,

Figure 3-8 shows the post-growth graphene on Cu plate with different
electropolishing time. Initially, if the electropolishing stage is maintained for 10 s,
the graphene growth was found to be poor and showed white spots of
contamination. These impurity spots decreasing by time is showed in Table 3-2. By
manually counting the impurity spots, we found that the density of impurity spots

decreased over time. Even after 20 s, we can still see patches of higher impurity
density but compared to area in Um?, the spots can be suggested as negligible to

the Cu plate. We also tried 30 s and 40 s electropolishing time, but the Cu plate
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colour changed. This may be due to over exposure to the electrochemical solution.
Whatever the cause, the surface conditions looked unpromising compared to 20

s. Therefore, we decided not to carry on longer than 20 s.

Table 3-2: Summary of electropolishing time vs area density of spots.

Electropolishing time (s) Area density of impurity spots (um2)
10 2.12
15 0.25
20 0.03
34 Summary

The study in this chapter is motivated by the transfer of a sample to MBE. A rigid
substrate is needed to overcome the foil limitation. Foil tends to wrinkle and
unflatten after spot-welding on MBE substrate holder. Cu foil has soft and
flexibility while Cu plate is a half-hard rigidity. EBSD confirmed that Cu plate has a
mixture of grain size in between (x01) and (x11) directions. Polycrystalline Cu plate
is still cheaper compared to single crystal. Cu plate had been tried as treatment
like foil, but the surface preparation steps needed to modify by adding CMP
otherwise high density of impurity spots appeared. We got a good preliminary
result for graphene growth as explained in Raman spectrum. With a Cu plate we
achieved almost full coverage of monolayer graphene without any compromise in
quality. We also observed faceting on the Cu plate and proved that structural
feedback was not limited to thin foils. More detailed characterisation of graphene

on Cu plate follows in the next chapter.
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Chapter 4: Graphene on Cu plate

4.1 Introduction

Chapter 3 showed the necessary surface preparation steps for Cu plate for
graphene growth. In this chapter, the growth process for graphene on Cu plate by
CVD is investigated. The properties of grown graphene studied include grain size,
bilayer coverage, elemental composition and surface roughness. This study aims
to enlighten differences and similarities to the growth of graphene with Cu foil.
The findings contribute to a better understanding of the underlying growth

mechanisms for CVD growth of graphene on 4-step-prepared Cu plate.

4.2 Experimental details

Cu plate was prepared using the 4-step method in Chapter 3. Graphene growth
was performed in CVD as described in Chapter 2, varying anneal (flowing H) and
growth (H2 and CHa) times, with everything else fixed and constant. CVD growth

protocol, unless stated otherwise, was conducted as follows: the sample was

placed in the centre of the furnace and heated to 950 °C with ramp rate showed

in Table 4-1 at ~2 x 102 mbar H; and annealed for 60 minutes while maintaining

the H; partial pressure. The hydrogen flowed continuously until the temperature

reached 950 °C and CH4 was introduced into the chamber to start the graphene
synthesis. The growth pressure recorded approximately 5 x 102 mbar. The

chamber was then cooled to 600 °C with H and CHa flowing. After reaching this
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Table 4-1: CVD growth parameters.

Ramp Anneal Growth Cooling
15 °C/min 950 °C, H, 5 950 °C, H2 10 600 °C, H2 5 sccm, CHa 2
scecm sccm, CHa 3 sccm scem

6 s time 10, 15, 20, 25, 10, 20, 30 min. -

step 30 min.

temperature, the furnace was turned off and left to cool down to the room

temperature.

In Table 4-1, the heating conditions for the ramp, anneal, growth and
cooling processes are shown. These parameters are based on the Cu foil

experience and were justified in Chapter 2.

4.3 Results and discussion

Table 4-2 shows a detailed sample set for growth optimisation. SEM images were
obtained for all of these samples, but the other techniques were only employed
for a sub-set of these. Table 4-2 represented 40 minutes growth time, which
produced a very similar morphology to 30 minutes growth time which is not
reported in detail here. It shows self-limiting graphene growth where growth rate

slows after 1 monolayer as explained in Chapter 2.
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Table 4-2: Sample summary for CVD growth studly.

Anneal (min)
10 15 20 25 30
Growth (min)
10 SEM, SEM, SEM, SEM SEM,
AFM AFM Raman AFM
20 SEM, SEM,
AFM, AFM,
Raman Raman
30 SEM, XPS, SEM, XPS,
Raman Raman
40 SEM SEM

Raman Spectroscopy was used in the experiment as it would help in the
analysis of the 2D and G peaks of the graphene grown on Cu plate by characterising
the position, change and relative intensity with the various layers of graphene. The
Raman technique was applied using the Renishaw inVia Reflex measuring Raman
Spectra at 532 nm with an objective lens of 50x. The measurement was recorded
at multi-spot positions and moved around the whole sample typically to 10
different places. A set of 10 spectra was taken with effective spot size ~ 100 um
and the laser power was kept to 1 mW to avoid over heating of the sample. The

samples were measured under ambient temperature.
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Figure 4-1: Raman spectra for graphene on Cu plate (30 min anneal and 20 min
growth). Left panel indicates spectrum of dark region while right panel is bright region
of the sample. Blue and green shaded areas represent Gaussian fit over a linear
background (red lines).

Figure 4-1 shows the Raman spectrum for graphene on Cu plate with 30
min anneal time and 20 mins growth time. The right panel shows the
measurement taken on the dark non-uniform flakes of the sample with the left
panel showing measurements on the brighter area. A different area of image
contrast was chosen to carry out the Raman measurement because the image
contrast mechanism in the SEM normally detects darker regions at bilayer
graphene while brighter regimes as a monolayer region [75]. This spectrum
indicates that graphene on Cu plate had some bilayer patches with full coverage

of monolayer.

In average 1 or 2 spots out of 10 shows almost the same peaks height as
the right panel and the rest is similar with the left panel. The Raman peaks were

fitted by a Gaussian line shape for analysis over a subtraction of a linear

61



background in predefined spectral ranges (1500-1700 cm™ for G band fitting, 2500
—2800 cm™ for 2D band fitting). Both the right and left panels shows normalisation
values (y-axes) to simplify the different scales on peaks intensity to a notionally
common scale. It is apparent that the G peaks on the right panel are higher than
on the left. The 2D/G intensity ratio for the left sample is ~3.13 and is consistent
with single layer graphene. In contrary, the right panel 2D/G ratio is around ~1.5
and lower than 2. The single layer differentiation must lie between approximately

2 — 4 ratios to enhance accuracy [71].

Figure 4-2: RHEED pattern obtained from Gr on Cu plate surface. The schematic on the
right hand side of the figure highlights the streaks features of the pattern. Pink and
white colours on the top left panel highlights a contrast image of shadow edge with

black line as a guide for eyes.

Figure 4-2 shows a RHEED pattern from a sample that we annealed and
grew for 30 and 20 minutes respectively. RHEED pattern was taken in MBE
chamber after Cu plate was attached with spot-welded tantalum wire on the

sample holder just before MnSb growth. The upper part of the image (pink) shows
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the section around the shadow edge (above the white dashes in the main image)
after colour inversion and contrast enhancement. The black straight line is a guide
to the eye: it is very clear that the surface Cu plate is flat. The rigidity of Cu plate
compared to the foil in Figure 3-1 shows a much straighter and sharper shadow
edge. The highlighted streaks pattern is probably one zone of diffraction features
from a large grain. We cannot reliably index either Cu or graphene since their
lattice parameters are so similar. There are other streaks and spots from other
grains with different texture which are Cu and/or graphene. Diffraction features
change a lot as the sample is moved around parallel to the surface. Movement in
the range of 50 microns produces a change. This is consistent with EBSD texture
and Cu grain size are shown in Figure 3-2. These crystal grains are large and well
ordered, enough to give surface diffraction but we cannot tell about the local
epitaxy of graphene. Qualitative analysing using LEED has been carried out to

observe the surface structure.

A LEED pattern of graphene on a Cu plate is shown in Figure 4-3 with two
different areas (a) and (b) respectively. Area 1 at 67 eV shows a green and pink
circle labelled with F1 and F2 as facet spots on a Cu surface whose normal is on a
tilted Cu surface. These spots did not move when higher energies were applied to
the sample. Confirmation with AFM results showed a faceted Cu surface. Three
green spots labelled at 76 eV attributed to three orientations of graphene on the

surface that is normal to the F1 spot. The separation at these two graphene
domains is 11°% 2°. The domains is Cu plates had a different starting texture
compared to foil. Cu foil had two weak mismatch graphene epitaxy domains [38].
We propose that on Cu plate, graphene tried to find a stable orientation on a

polycrystalline Cu feature as shown in Figure 3-2(b) and ended up with another

structural feedback forming additional (100) + (210) Cu facets. The pink circles at
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83 eV showed that the same reflection spots come from facet (F2) with a different

surface normal but still had the same 11° separation angles between the two

graphene domains. We detect two pairs of the same graphene domain
represented by the pink solid line and dashed line and is presumably an
incomplete hexagonal graphene pattern. The blue circles display minor facets of
polycrystalline Cu. The artefact ring was not real as it came from the channel plate
of the LEED system. Figure 4-3(b) shows another area of the same sample. The
third facet spots have been identified and labelled as F3 (yellow circle). As this
sample was very polycrystalline, the facet spot appeared randomly and resulted

in the graphene spots as normal to the facet spot. The yellow solid line confirmed

the separation angle between three graphene domains was 11°. All graphene

spots related to the normal of F3 were indicated by a yellow solid line. Cu plates
has different starting texture compare to foil. It presumably influenced three
graphene domains formed on the surface. Graphene is tried to stretch and find
the most stable orientation and formed mismatch epitaxy. All features in Figure

4-3 were consistent with weak mismatch epitaxy angle in Cu foil [38] reported as

* 16° and they do not correspond to any simple epitaxial match. In addition,

graphene on Cu plate displays no graphene ring compared to Cu foil.

Facet spots were identified by monitoring spot movement with beam
energy and were easy to observe due to their constant position on the screen as
the electron energy was changed. Although different, weaker facet spots were
often observed, the dominant facet spots were always oriented 11° £ 2° away from
the surface normal (00) beam. Primary orientation of the surface is a mixture of
polycrystalline Cu plate hence we cannot deduce any direction based on LEED

patterns.

64



(a) Area 1 (b) Area 2

Figure 4-3: Electron diffraction obtained from a clean graphene on Cu plate surface
showing two different areas of scan (a) and (b). The electrons energy are 67 eV, 76 eV
and 83 eV of LEED pattern respectively. F1 (green), F2 (pink) and F3 (yellow) are facet
points. Green, pink and yellow straight lines indicate graphene domains related with

its own facet points respectively. The smooth arc in these imaged labelled ‘artifact

ring’ is an artefact of the channel plate LEED screen.
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Figure 4-4: SEM images for 10 mins growth time and anneal at 5 sccm of H; (a) 10
mins, extra panel highlighted white region and impurity spots, and dark non-uniform
flakes as bilayer graphene (b) 15 mins, (c) 20 mins and (d) 30 mins.

Figure 4-4 shows SEM images at different anneal times with a constant 10
minutes of growth time. All other parameters are the same as indicated in Table
4-1. Panel (a) highlights a 10 mins anneal with partial coverage and area density
of impurity spots obviously scattered in between bright and dark regions. Impurity
spots were grown preferably along and in the area of the Cu surface (bright
region). The bilayer of graphene was located at almost each domain of the
graphene grain. This typical SEM image displays most of the graphene on Cu plate
features. The change of colour contrast in the optical image suggests a variation

of graphene film thicknesses because the light interference on SiO; layer is
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modulated by the graphene layers [76]. To overcome the low spatial resolution
due to the diffraction limit of light in optical image, the SEM technique can be
utilised with digital image processing [77]. As shown in panel (a), the background
colour is graphene monolayer partially covering the Cu surface excluding the
bright network region (bare Cu) as incomplete growth. Ten minutes of anneal time
is not sufficient to reduce nucleation density through producing a uniform surface
prepared for catalytic decomposition of the carbon feedstock. The subset image
in (a) shows the image enhancement for sharper and brighter features as grown.
From the subset image, those white, narrow stripes in the graphene region are
typical Cu facets after graphene growth. This is because faceting is produced due
to the restructuring of the copper underneath these regions into steps [38]. The
darker spot regions indicate graphene with multilayers, Raman spectroscopy
(Figure 4-1) has confirmed this as bilayer graphene. The secondary electrons
intensity coming from graphene depend on the number of layers and represent as
different contrasts in SEM digital image. The brightness decreasing can be
associated to monolayer and bilayer graphene respectively. Weak interaction
between graphene and Cu resulted in many difference domains of graphene
islands as shown on panel (a). Panel (c) and (d) displayed longer anneal times and
full coverage of graphene growth apparently can be seen. Impurity spots were
decreased, and graphene grain size started to grow bigger. Since growth time was
set at only 10 minutes, we still can see the impurity spots appearing at an average
size of less than 200 nm. Our annealing study on Cu plate indicates that the area
density of impurity spots strongly depends on the time taken. As anneal time
lengthens, Cu plate surfaces became smoother incorrelating to other features

such as wrinkles and facets.
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Figure 4-5: SEM images for longer growth time (a) 20 mins anneal, 20 mins growth, (b)
30 mins anneal, 20 mins growth, (c) 20 mins anneal, 30 mins growth, (d) 30 mins
anneal, 30 mins growth.

Figure 4-5 shows SEM images of four different conditions of growth. Panel
(a) and (c) both experienced 20 mins of annealing but different growth times, 20
and 30 mins respectively. While panel (b) and (d) both have the same 30 mins
annealing time and 20 and 30 mins of growth time. Panel (a) displays partial
coverage and it is not good for MBE overgrown which will be reported in Chapter
5. The anneal time was applied two times higher than Figure 4-3 and proved no
impurity spots appeared. Apparently, with longer growth time but similar anneal
time in panel (c), a bare Cu (bright network areas) was decreased and presented
better coverage compared to (a). For the longer anneal time in panel (b), full
coverage developed with some darker spots of bilayer graphene. With a manual

count, the monolayer graphene covered more than 90% of the sample. Some of
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the smaller islands in (a) and (c) have grown, but it dissipated at higher coverage
in (b) and (d). It can be suggested that the small islands can be etched away when
the initial nucleation density is higher than the density of grains when it
experienced almost full coverage of graphene. For 30 minutes growth time in (d),
it demonstrates more bilayer coverage compared to (c). Bilayer graphene actively
exists in this sample due to the reaction of carbon atoms lying directly onto current
monolayer graphene and its stacked. Quantitative analysis of SEM data was
performed to obtain the impurity spot density and graphene grain size. They are

plotted in Figure 4-6 and 4-7 respectively.
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Figure 4-6: Area density of impurity spots vs anneal time from SEM image.
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Figure 4-6 shows the area density of spots in the sample compare to anneal
time. Impurity spot density, ISD decrease with anneal time for low growth time.
At high anneal time however, ISD is smaller for longer growth time. Both growth
and annealing suppressed ISD and made a good and clean graphene. ISD
represented in the SEM images normally in bright region, with high magnification
(subset image in Figure 4-3 (a) we can identify the contamination spots compared
with bare Cu. The bare Cu bright network are normally connected to each other
due to incomplete growth of graphene layers. ISD appeared probably as a matter
of adsorption from tube contamination. The Cu plate has a larger volume of Cu
and it may have cross contamination by heterogenous particles deposited in the

quartz tube.
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Figure 4-7: Graphene grain size vs anneal time from SEM image.
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Figure 4-7 represents graphene grain size correlated with anneal time. It
has been processed using MIPAR software and average grain size for graphene on
Cu plate approximately up to 40 um depends on the anneal time. Our Cu foil study
[38] confirmed the grain size was between 50 to 100 um. Island sizes were
produced differently depending on the nucleation density and growth rate of
islands which were determined by the flow of hydrogen and methane. As the small
ratio of H, and CH4 had been used, we confirmed that it can prevent higher
nucleation density of graphene grains as reported in our Cu foil paper. We can see
more nucleation sites on Cu plate as the Cu grain size looks smaller than the foil
(Figure 3-2). As matter of fact, the ratio of gas flow was consistent in this study,
hence graphene grain size is likely influenced by the heterogeneous nucleation

where the adatoms get stuck at a defect.

AFM measurements were undertaken in order to examine the surface
roughness of the graphene on Cu plate. As such, the measurements would help
distinguish the grain boundaries and steps through high resolution scanning and
in effect, facilitate in the analysis. Figure 4-8 below displays the results of the AFM

measurements.
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Figure 4-8: AFM for 15 mins anneal and 10 mins growth with different image size
respectively (a), (b) and (c).

The first observation to be made from the results in Figure 4-8, is the
difference in the image panel sizes as illustrated by the different sized scales. The
panel (a) image size is 20 x 20 microns with height scale 0 - 102 nm, (b) is 10 x 10
microns with height scale 0 - 32 nm and (c) is 5 x 5 micron with height scale 0 -
18.3 nm. As the different scales decreased, less of the surface and more of the
wrinkle features were seen. In Figure 4-8 (a), the AFM image is on a large-scale
with RMS roughness 9.60 nm of Cu substrate. The appearance of facets was
ambiguous but clearly the narrow lines as graphene boundaries with 4 to 5 um can
be detected. In Figure 4-8(b) and 4-8(c), facets are clearer and grain boundaries

feature (lower right). These were observed in the AFM image as a result of the
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chemical combination of the grown graphene. In (b), there is a straight feature
that possibly occurs because a polish scratch happened during substrate
preparation as explained in Chapter 3. The RMS roughness value indicates the
mean from different scanning areas on the sample. The facets and grain boundary
features were formed as a result of the graphene electronic properties (a major
characteristic of semiconductors). The LEED pattern in Figure 4-3 shows that
faceting happened on graphene thin film as well, the facet spots did not move with

energy and the reflection of graphene spots appeared as normal to the facet spots.

The results from the AFM process (Figure 4-8) were observed to be similar
to those attained when depositing multi-layer graphene films on a Si substrate as
reported by Lin et al. [78]. The wrinkles formed on the graphene on Cu plate
surface in association with a thermal expansion coefficient difference are
identified to be crossing the grains of Cu boundaries which indicates continuous
growth of the film [79]. For example, Figure 4-8 (c), clearly shows the presence of
wrinkles, flakes, and facets. Graphene growth, in this case, has varied thicknesses
hence yielding the same structure of graphene having some regions with up to
triple flakes. According to Li et al. [79], they reported that the growth of graphene
is most seen in the catalysed surface process in their study unlike in the

precipitation process used by other researchers [46], [76], [80].
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Figure 4-9: Different scan area of AFM for 30 mins anneal and 20 mins growth (a), (b),
(c, (d) are topography images and (d), (e), (f), (g) are images in vertical deflection.

Figure 4-9 shows the AFM image for the 30 mins of annealing and 20 mins

growth times. Panel (a), (b) and (c) shows image topography of the sample. No
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impurity spots density was present. Graphene grain sizes in (a) are approximately
in scale of 10 to 20 um. The facet features can be seen in image (b) and (c). It shows
that different scan area may experience different faceting features. The
meandering facet in (b) are in microscale while in (c) in nanoscale. As explained in
Chapter 1, faceting minimises graphene bending energy and it can happen
randomly on the graphene films on the same sample. Panel (d), (e) and (f) display
an alternative image of sample topography as it processed by Gwyddion software.
This is the best image obtained after deflection signals had been minimised. As
growth times was double compared to Figure 4-8, the facet features still appeared

on the sample.
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Figure 4-10: RMS roughness as a function of AFM image size.
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Figure 4-10 shows the RMS roughness from the same sample in Figure 4-8.
The graph is plotted with 4 different image sizes which are 5 um, 10 um, 20 um
and 40 um. The RMS roughness was processed with Gwydion software analysis
using 3rd order polynomial fitting and background extraction, lines were corrected
by matching the height medium and then the horizontal scars were corrected. It
is nearly linear which means that there are still rougher surfaces features being
“found” as the image increases. The data are well fitted with § = 0.94. This is
consistent with the deeper polishing scratches being removed by the final polish
and the overall variance of scratch depth reducing significantly. Eventually it will
tail off but the length scale on which this happens is beyond that accessible by our
AFM. The roughness exponent is close to 1 for all samples measured by the AFM,
independent of the growth and annealing conditions. This means there must be
large-scale roughness (compared to AFM scan sizes of tens of microns) in the Cu
plate which does not depend on the details of the graphene growth. But overall

the roughness is quite acceptable for performing MBE and RHEED.
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Figure 4-11: XPS survey scan for TOA 30 Tleft) and TOA 90 °(right).
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Further, in order to examine the elements lying on the sample after CVD
growth, a typical survey scan is shown in Figure 4-11. This broad survey scan was
initially applied to get useful information to which elements they are bonded to
the sample before measuring the elemental composition. XPS was used after SEM
and several air transfers. All XPS data are from 30 mins anneal time and 20 mins
growth time as shown in Table 4-1. This sample shows full coverage with no bare

Cu presence and measurement is taken with two different take-off-angle, (TOA)
of 30° and 90°. Several peaks of Cu LMM was detected and C, Cu and O peaks are
observed. No other elements can be seen below detection limits. The O 1s peak is
very small and not much O is contained in both angles. Cu 1s peak is higher in TOA
30° as surface sensitivity increased after the samples had been tilted. It can be
assumed as the Cu atoms are only on the surface of the sample and not embedded
in the graphene film. All fits used a Shirley background Voigt function and

symmetric mixed Lorentzian (95%) — Gaussian (5%) component excluding O 1s.

Figure 4-10 confirms the main elemental components are C, Cu and O.
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Figure 4-12: Right panel is fitted XPS spectra of C 1s with TOA 90 °and left panel with
TOA 30 °.

Figure 4-12 shown C 1s for both TOA angles and had been fitted using
typically C-C element with higher BE components and symmetric. From the results

obtains from the graph, the binding energies (BE) of the common chemical state

of sp2 carbon is approximately (284.5 = 0.1) eV and in the sp3 carbon chemical

state is (284.8 £ 0.1) eV. The copper plate was observed to primarily contain

carbon as indicated by the C-C and hydroxide like components. The C-C peak may
contain atmospheric or adventitious carbon contamination. The C 1s spectrum
shows intense sample of sp2 carbon feature with a wider and asymmetric tail
towards the binding energy. C-OH peak can be attributed to asymmetry of C 1s in
pristine graphene [81]. Other features observed from the C 1s peak (carbon-

carbon peaks) include satellite features.
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Additionally, the results in Figure 4-12 demonstrate a symmetric shape
when in sp3-bonded carbon with high concentrations. The symmetrical trend is
noted to slightly shift to the area with higher BE. Functionalised graphene is noted
to have a Cls spectrum which is complex in sp2 and sp3 components. Carbon
layers on Cu are actually graphene films since the graphene sheet is a monolayer
of carbon atoms which are bound together tightly. In principle, we cannot
distinguish sp2 from sp3 in C 1s main peak unless X-ray induced C KLL Auger peak
is adopted in a semi-quantitative approach [82]. It could be diamond-like-C, but

SEM and Raman make this very unlikely.

Cu2p (Gr/Poly Cu)

©  Experimental TOA 30° ©  Experimental TOA 90°
Fit

g —— Fit
Cu2p3/2 Cu2p3/2
g

Cu2pl/2 ' Cu2pl/2

CPS (arbitrary units)
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Binding Energy, (eV)

Figure 4-13: Right panel is fitted XPS spectra of Cu 2p with TOA 90 ° and left panel with

TOA 30 °. Open circles are experimental data points and red lines show fits as
described in the text.

Figure 4-13 represents Cu 2p fitted by mixed Lorentzian (95%) — Gaussian

(5%) with single component and no chemical shift. It showed that no Cu oxide peak
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which is correlated that no bare Cu and proved that this sample experienced full
coverage of graphene. Graphene layer covered bare Cu from being oxidised. Each

spin-orbit splitting line is fitted with a single component of metallic Cu. Cu metal

(chemical state) shows a BE of Cu 2p1/2 and Cu 2ps/2 to be approximately (952.4

0.1) eV and (932.6 £ 0.1) eV respectively. The spin orbit splitting is (19.8 £ 0.1) eV

and comparing with NIST database [83], Cu 2p values are 19.80, 19.82 and 19.90
eV. In particular, no higher BE such as Cu (I) oxide, Cu (ll) oxide and Cu (ll)

carbonate dihydroxide of 933 eV, 933.5 eV and 934.7 eV respectively were present

[84]. In addition, no difference was observed between 30° and 90° TOA and we

conclude that the surface was not oxidised. Graphene has protected Cu from

oxidation during air transfer CVD to XPS via SEM and AFM.

O1s (Gr/Poly Cu)

TOA 90°

O  Experimental ) TOA 30° O  Experimental
)
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Figure 4-14: Right panel is fitted XPS spectra of O 1s with TOA 90 ° and left panel with
TOA 30 °.
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Further, O 1s XPS spectrum were obtained and summarised as shown in
figure 4-14. All fits for this spectra used symmetry mixed of GL(30), Lorentzian
(30%) — Gaussian (70%).

The O 1s fitting shown in Figure 4-14, represents the different binding
energies required in fitting graphene on Cu plate core level spectra. O 1s spectra
interpretation is not a straightforward procedure as there are broad O 1s peaks
for multiple overlapping components hence the binding energy for most
compounds fits with a short range [85]. Also, the organic contamination hinders
carbonates discernments in the O 1s region. The signal to noise (s/n) is obviously
worse and is present at small percentage the end of the graph. The adventitious
oxygen is probably physisorbed contamination e.g H,0, O3, CO and CO.. It could
be a small amount of oxidised Cu. CuO is not visible in spectra as the XPS average
depth of analysis is approximately 5 nm. The O 1s peak position can be used for
measuring the band gaps [85] of various materials such as graphene on Cu. Oxygen
is a residual contaminant for the graphene produced. Besides being contaminated
with oxygen, annealing at lower temperatures still produces high quality undoped
graphene. The high temperatures’ formation of doped n-type graphene first
removes all the oxygen that was initially absorbed. Also the oxidisation of
graphene on the plates was identified to be similar to that grown on the Cu foil
which also confirmed that graphene is typical compared to the one grown on the

thinner foils of Cu.

Results obtained from the XPS measurement are summarised in Table 4-3.
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Table 4-3: Summary of chemical composition for C 1s, O 1s and Cu 2p for XPS spectra

of graphene on Cu plate.

Name %Atomic Concentration
TOA 30° TOA 90°
Cls (50.88 £ 0.1) (26.99 £ 0.1)
O1s (4.60+0.1) (3.47%0.1)
Cu 2p1/2 (20.52 £ 0.1) (34.12%0.1)
Cu 2p3/2 (24.00 £ 0.1) (35.41+0.1)

Table 4-3 presents the quantitative data. The key feature of these

percentage atomic concentrations is the representation of the intensities as a

percentage, that is, the ratio of the intensity to the total intensity of electrons in

the measurement [86]. Using Casa XPS software, the data had been extracted after

fitting was done. It shows higher percentages at TOA 30° for O 1s. This evaluation

of different TOA determining surface sensitivity with lower TOA 30° compared to

normal emission TOA 90°. The impact of oxygen on the various components is

caused by the sample exposure to the atmosphere through oxidation, water or

adventitious contamination. Nevertheless, oxygen contaminates on top of the

graphene but has not chemically reacted with graphene or Cu.
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4.4 Summary

As conclusion in this chapter, we confirm graphene on Cu plate is the best
quality to obtain the growth of MnSb in MBE. Eventhough the grain size as not as
good as foil, but it is acceptable as full coverage of graphene is promising. RMS
roughness is slightly larger than on foil. RHEED also can be measured in-situ as
rigidity of the plate is not compromised after spot-welding. Faceting under
graphene occurs like on foil and this is a signature feature that is still uncovered
except for various assumptions in [51] stating that faceting minimise the bending
energy of graphene. Graphene on Cu plate acted as a substrate in the next chapter

for the growth of ferromagnetic MnSb in MBE.

83



Chapter 5: MnSb on graphene on Cu plate

5.1 Introduction

An advantage of MnSb in device optimisation and design, is that it can
process materials with the utilisation of conventional IlI-V etching and lithographic
techniques. This helps in the scalable processing of spintronic devices. Also, there
are numerous reports by various researchers on using the single crystal
semiconductor substrates for successful growth of epilayers of MnSb where most
of them are focused on magnetism and optics applications [41], [87]-[94]. A broad
study had been carried out in our group and prior knowledge of ferromagnetic
MnSb material motivated an interest for a different substrate [35], [91], [94]—[96].

Typical Tsup for MnSb thin films growth on single semiconductor substrate was

recorded at 415 °C [34]. Early experiments for MnSb on graphene on Cu foil were

very inconsistent at Tsub > 250 °C due to low sticking coefficient of graphene.

In Chapter 4, graphene on Cu plate has been epitaxially grown with the
best quality with > 90% monolayer coverage. Graphene is known as a zero-gap
semiconductor and this is the challenged in this study whether MnSb can be
overgrown on graphene epitaxially. MBE is used as a method of thin film
deposition. In-situ and ex-situ surface studies such as SEM, AFM, RHEED, LEED, XPS

and SQUID have been conducted and discussed here.
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5.2 Experiment details

Cleaning of graphene on Cu plate substrate needed extra care. Cu plate
substrates, measuring approximately 7 mm x 7 mm, were mounted onto a sample
plates using tantalum wire fixed by spot weld. Surface debris on sample plate was
then removed by chemical degreasing using acetone. Isopropanol and water wash

cycle followed by drying with dry nitrogen. Samples were loaded into the vacuum

chamber and prepared by ion bombardment and annealing to 200 °C for one hour.

The Sb cell was heated to 360 °C and the Mn cell to 850 °C respectively before the

growth was started for fifteen minutes. The temperature for the substrate, Tsub

was set to 200 °C. The beam flux ratio, Jsbymn = 5.5 — 6, was fixed while range of

thickness have been grown with constant growth rate. While growing, in-situ

RHEED was observed and recorded with the RHEED gun operating at 12.5 keV. Sb

capping at Tsus= 80 °C for 90 s was done to prevent oxidation of the surface

samples. Thicknesses of the samples were calibrated relative to the MnSb on
graphene substrates and afterwards scaled to the measured Mn beam flux. This
nominal thickness growth rates were in the range 2 — 3 nm min. After RHEED
studies, samples were removed from the MBE chamber and imaged using SEM,
AFM, XPS and magnetometry. It should be noted that no special precautions were

taken to prevent surface oxidation during transport for imaging.
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5.3 Results and discussion

Several MnSb samples of varying thickness have been grown on graphene
on Cu plate. All samples were Sb-capped. As an example, MnSb is preferentially
forming at graphene grain boundaries. Additionally the density of MnSb islands
changes with graphene monolayer or bilayer coverage. The high mobility of
adatoms (including Mn and Sb) on graphene provides additional support to this
idea, whereby adatoms are free to move around on a graphene sheet but are
trapped at boundaries. Spontaneous nucleation on the substrate, presumably,

defects gives rise to a low density of islands on the foils themselves. The solution

is to turn down the temperature at 200 °C. This is applied throughout all samples

in the experiment. The times is varied from 30 s to 15 mins and it corresponded to
nominal thickness 0.9 nm — 28 nm. The sample that had been reported in detail

here is labelled GOO5 with 28 nm nominal thickness.
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Figure 5-1: (a) Low magnification SEM image of graphene on Cu plate with red
rectangle the position of a zoom shown in (b), (c) Low magnification SEM image of
MnSb on graphene (supported on Cu plate) and (d) other part of sample (c)

Figure 5-1 shows SEM images before and after MnSb thin films growth.
Panel (a) shows the full coverage of graphene with approximately 5% of bilayer.
The graphene grain sizes are approximately > 10 um. Panel (b) shows higher
magnification of (a) and bilayer regions hexagonal-like as labelled in the figure.
Apparently, no contrast due to Cu or graphene grains and no graphene bilayers
appeared after MnSb growth as seen in panel (c). The presence of islanded light
and dark granular pattern indicated that graphene layer is completely obscured.
These patterns are consistent with panel (d) showing the other part of sample for
extra contrast. At the centre of the figure, it displays white line features that

probably are due to large-scale Cu roughness. The Cu plate has been bent a little
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during manual cutting for MBE which may locally increase the number of white
lines as defects. Nonetheless, dark granules can still be seen on these lighter defect
features. As can be seen in panel (d), a continuous growth of MnSb is observed

regardless the defect features.

Figure 5-2: MnSb on graphene on Cu plate with 28 nm nominal thickness. (a) Low
magnification SEM image using secondary electron mode, (b) High magnification SEM
image using backscattering mode with red rectangle the position of a zoom shown in

(d), and (c) AFM image with inset of 3D profile.

Figure 5-2 displays the SEM and AFM images of MnSb on graphene. Panel
(a) is obtained using secondary electrons mode very high magnification up to
nano-scale. This mode imaging is more surface sensitive and due to the atoms near

the surface, hence the granular pattern can still be seen but the energy was
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sufficient to escape from the sample surface. To get visible contrast,
backscattering mode in panel (b) was used as a signal. It appears that clear facet
with continuous coverage by nano-crystallites. The angular shapes looked brighter
as backscatter influenced lighter elements had low contrast. Sb has greater atomic
mass than Mn and Cu, hence angular shapes can be differentiated based on
contrast in this image. Panel (d) is the zoomed-in region on SEM image (b). To all
appearances, the angular shapes is not curved or smooth but appeared as with
edges. Some of nano-crystallites had hexagonal symmetry and consistent with
hexagonal basal plane in MnSb (0001). Furthermore, the direction is preferentially
aligned and suggested that we have epitaxial on the sample. Linear structure in
panel (b) aligned with epitaxy of MnSb nano-crystallites. Cu faceting as we
discussed in Figure 4-8 and 4-9 do not lift up after MnSb growth. Panel (c) shows
AFM image and it can be inferred that nano-crystallites are formed during growth
and that these are likely to be MnSbh. The inset 3D profile reveals that nano-
crystallite forming almost 90- 95 % complete coverage on the substrate. The
height of island is between 5 and 50 nm and consistent as Volmer-Weber growth

modes as explained in Section 1.5.
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Figure 5-3: SEM image for thinner sample with nominal thickness 1.6 nm with
backscattered electron signal mode.

Figure 5-3 shows SEM image of MnSb on graphene with 1.6 nm nominal
thickness. It seems that nearly horizontal stripes were Cu facets from graphene on
Cu plate CVD growth. There were isolated MnSb clusters and not as much as in
Figure 5-2 (b) and affirmed that there was an approximate 5% incomplete

coverage with crystallites preferentially forming at graphene on Cu plate.

Next, we evaluated the structure, streaks and sharpness of graphene on
Cu plate using RHEED as shown in the Figure 5-3. The RHEED was monitored
throughout the growth process and was recorded to identify any changes which
might occur in the symmetry thus in turn affecting the consistent formation of the

MnSb layers.
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(d) (e) ()

Figure 5-4: RHEED patterns for before, during and after growth respectively (a)
graphene on Cu plate (b) MnSb growth after 4s and (c) MnSb after Sb cap. Panel (d),
(e) and (f) highlight a contrast image of streaks and spots pattern.

Figure 5-4 represents RHEED patterns prior MnSb growth, during and after
Sb capping. Panel (a) shows streaks appearing at various location on the substrate
and it is consistent with clear and clean graphene full coverage based on XPS
spectrum Figure 4-11. Irregular sharp streaks are consistent with well-ordered Cu
polycrystalline domains. There are other streaks and spots from other grains which
are Cu and/or graphene with different textures.

In RHEED, indexing diffraction pattern is too complex for Cu and graphene
since their lattice parameters quite similar. Panel (b) shows MnSb thin films after
4 s after growth started. The nominal thickness approximately 0.124 nm and

obviously the irregular streaks pattern in (a) had disappeared and exposed a
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regular array of spots indicating transmission diffraction. The patterns did not
change as the sample was moved parallel to the surface (x and y changes on the
sample manipulator). In contrast, graphene on Cu plate RHEED pattern as
discussed in Figure 4.2 changed a lot with small movement because the surface
diffraction depends on local grain orientation. This was not the case for MnSb
transmission diffraction patterns presumably due to the bulk crystal planes being
orientated almost uniformly on the surface.

RHEED pattern unveiled mirror plane symmetry on the sample but were
too complex for overall symmetry to be indexed. There was some array of spots
appeared parallel to the surface and it can be measured between the space of the
line using the calibration of RHEED system. Indexing the pattern using RHEED
interpretation in Chapter 2 had clarified that d-spacings value is 4.9 A. The MnSb
bulk d-spacings for (0001) is 5.79 A. This difference may be influenced by a Cu facet
angle. LEED in Figure 4.3 yields an important feature of facet which correlated with
graphene spots. MnSb presumably growth on tilted facet and d-spacings is smaller
due to the facet angle.

Panel (c) in Figure 5-4 shows diffraction pattern after Sb capping of the 28
nm MnSb films. During this stage the Sb flux held for 90 s, resulting in cap
thicknesses between 1 and 4 nm. RHEED is recorded after the Sb cap was
completed. The cap displays spots RHEED pattern and demonstrate the same
symmetry with MnSb in Figure 5-4(b). On this basis, Sb caps are thought to be
oriented as a layer and throughout this chapter, Sb cap is referred to h-Sb denoting
the hexagonal setting of the rhombohedral Sb crystal structure [97] . RHEED
patterns appeared from the underlying MnSb transmission still exists and is
identified to be superimposed on the powder rings. The array of spots does not
change much and additional powder diffraction rings appear. The rings result from

the randomly oriented Sb crystallites diffraction. During MnSb nucleation, atoms
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impinged on the surface and met other atoms and formed islands. These islands
formed quickly after couple of seconds as in panel (b). The timer used in-situ
RHEED experiment to confirm the growth time and recorded with a digital single
lens camera. Initially, the glancing angle of incident electrons scattered through
the atoms on the surface. During growth, islands became denser but maintained
height less than 50 nm. A high beam energy presumably strokes at the corner of
the islands and displayed almost the same pattern as in panel (b). Overall the
pattern can be interpreted as thin Sb layer on MnSb nano-crystallites. X-Ray
Diffraction (XRD) measurements were attempted on the nominal 28 nm thickness
sample but we were unable to detect any XRD peaks. It was not surprising because
it was difficult to align polycrystalline Cu in this type of scan. This led to very weak

scattering for x-rays to be detected.
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Figure 5-5: XPS survey scan for MinSb on graphene/Cu.

XPS measurements were carried out after several air transfers. Figure 5-5
shows survey scan for MnSb on graphene. The take-off-angle is 90°. The elemental

peaks of Mn, C, Sb, O and Cu are obviously present. No other unexpected elements
appear. All peaks except Cu were fitted using Shirley background and Gaussian-

Lorentzian (GL) ratio varies according to the element. The XPS survey scan for TOA

90° in Figure 4-10 indicated Cu peaks with very high intensity in contrary with

Figure 5-5.
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Figure 5-6: An illustration of MinSb growth on graphene on Cu plate

Figure 5-6 shows a simplistic schematic of MnSb on graphene/Cu growth
in this study. It illustrated the schematic based on SEM and AFM findings in the
previous sections of the thesis. Blue and red layers display graphene monolayer
and bilayer respectively. Angular shapes mixed with hexagonal structure in grey
colour represents MnSb islands with height less than 50 nm. The small green circle
shows thin Sb capping layer to protect surface from oxidation. Cu plate (as labelled
in figure) experienced full cover of graphene with some bilayer region less than
5%. An incomplete MnSb nano-crystallite coverage formed on graphene resulting
in small Cu signal passing through thin Sb cap layer. It can be seen in XPS survey

scan there is low intensity of Cu peak at high binding energy.
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Figure 5-7: XPS spectrum of C 1s for MnSb on graphene/Cu. See Appendix 2 for
spectral parameter details.

Figure 5-7 shows C 1s spectrum from XPS measurement. Peaks fitted using
symmetric Voigt function, GL(30) for all components. The value for C-C component
had been set to a binding energy of 285.2 eV and the other higher B.E as labelled
C-OH (285.9 eV), C=0 (287.2 eV), and C=C-OH (289.0 eV) were typical
contamination components. As mentioned in Chapter 2, argon sputtering in XPS
would eliminate carbon contamination due to several air transfer but we expected
measurable quantity of adventitious carbon contamination from Sb capping. Any

graphene contribution to C 1s should be small and suppressed by MnSb.
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Figure 5-8: XPS fitted Sb 3d and O 1s regions indicate Sb-oxides overlapping of
atmospheric O. See Appendix 2 for spectral parameter details.

Figure 5-8 shows XPS spectrum for O 1s and Sb 3d of MnSb on graphene.
Interpretation of O 1s spectrum is not direct where two different regions to fit all
three doublets are required for core level corresponding to Sb 3d3/2 and O
bonding environments. The corresponding binding energies of all components are
given in Table 5-1. All components for Sb fitted with GL (70), Sb oxide with GL (50)
and O with GL (30). Sb 3d5/2 area constraints is fixed to 1.5 higher than Sb 3d3/2

with similar FWHM between spin-orbit splitting. O 1s region resulted in broad with
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overlapping directly with Sb 3d5/2 peaks in blue line. This is consistent with Sb
capping being strongly oxidised but Sb peaks still can be elemental and proves that

the capping works.

Table 5-1: Peak fitting details showing the assigned bonding environment and binding
energy for a sample MnSb on graphene. Values are taken from the fits in Figure 5-8.

Binding Bonding
energy (eV) environment

528.3 Sb 3ds/2 from Sb
530.7 Sb 3ds/2 from Sb;03
530.9 Sb 3ds/2 from Sb,0s
530.5 O 1s metallic oxides
531.9 Adventitious O
537.7 Sb 3ds/2 from Sb
539.6 Sb 3ds/2 from Sb,03
540.1 Sb 3d3/2 from Sb,0s
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Figure 5-9: XPS spectrum for Mn2p of MnSb on graphene.

For MnSb, there are no strong evidence that Mn 2p region derives
necessarily as the surface treatment progresses. Figure 5-9 shows Mn 2p metal
components model from Biesenger et al, [98] for Mn 2p3/2 spectral parameter.
The main peak is centered at 641.8 eV and its broad and asymmetric with a slightly
bigger shake-up feature at 647.1 eV, approximately 5.3 eV from the main peak.
The satellites are particularly sensitive to the stoichiometry of the oxide,
decreasing in intensity upon either surface oxidation or reduction and

disappearing completely in higher oxide phases [99] . All the peaks are fitted with
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GL (30). The region for the Mn 2p core level is not wide enough to fit both parts of
the doublet as the cut off before the shake-up feature from the 2p1/2 peak is out
of range, hence is challenging to fit. We used multiplex peaks to define origin of

the satellite peaks and the peaks contributed to the Mn 2p core level. The spin-

orbit splitting energy Asofor first-row transition metal 2p varies depending on the
chemical state and local environment [100]. The value of Aso draw out from the

spectra in Figure 5-9 shows an increase (11.8 £0.2) eV compared to our previous

study for bulk MnSb of 11.5 eV [94].

Figure 5-10 shows XPS spectra for a nominal 28 nm thick sample taken at
90° TOA of the shallow core region (25 to 60 nm) and a zoom-in of the Sb 4d

region. It can be seen on top panel that both Mn and Sb are present in the surface
region. The Mn component peaks were fitted according to model of MnO in llton
et.al [101]. Upon obtaining the best fit for multivalent samples, the fit parameters
were fixed for individual oxidation states but allowed to shift energies and
intensities as packets relative to other oxidation states [102]. Our observations
indicated that in Mn 3p fitting, the Sb region looks like a metallic state (MnSb)
thereby highlighting the difference between the regions [102]. The main peak at
48.5 eV can be assigned to a Mn3* state [100] while the higher binding energy peak

may be due to mixed-valence Mn [94].

Figure 5.10 (bottom panel) shows the Sb 4d region for the sample. Four
doublets have been fitted and are assigned as Sb-Sb, Sb-Mn and Sb-O bonding
environments. Vacuum annealing first reduces the higher energy binding
components and the peaks which appear to be almost overlapping. Moreover, the
Sb 4d within the shallow core was fitted with two ratios GL (50) and GL (70) in

order to obtain peak areas which enhanced the accuracy of estimating the
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Figure 5-10: XPS spectrum of shallow core region with the Mn 3p and Sb 4d core level
presents on the (top) panel and (bottom) panel is Sb 4d regions fitted indicates the
presence of Sb-Sb, Sb-Mn and Sb-O. See Appendix 2 for spectral parameter details.
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stoichiometry trends. Peak fitting details of the binding energies and bonding

environment are summarised in Table 5-2.

The value of chemical shift relative to Sb-Sb component is formed at -0.30
eV for Sb-Mn bonding environment while a shift of 1.99 eV is formed for oxide
peak. The oxide peak was allowed a larger range of FWHM values in order to

account for multiples oxides such as Sb,03, Sb,03, and Sb,03 [103].

The chemical shift for Sb-Mn determined here is slightly smaller than
previously observed [94]. Referring to Table 5-3, some conclusions can be drawn
regarding the stoichiometry of these samples. These sample had been exposed to
several days of air transfer before it went to XPS measurement. It was expected to

experience heavily contaminated at Sb capping layer and can be oxidised. The
surface is Sb-rich with a ratio of Sb-Mn of (2.95 £ 0.03). This is significant with the

oxide bonding environments at 49.7 %. This is opposed to MnSb(0001) samples
reported by Maskery et.al [94] where the surfaces are Mn-rich as composition
ratio as high as Mn:Sb 4:1 after several days of air transfer. It is very likely that Mn-
oxides has not enough time to form first than Sb-rich oxides. Despite this is
possible that the high reactivity of Mn, relative to that of Sb would originally lead

to the formation of Mn oxides and not Sb oxides.
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Table 5-2: Sb 4d region peak binding energies, chemical shift relative to the Sb-Sb
bonding environment and percentage breakdown of Sb bonding environments for
MnSb on graphene/Cu sample. Values are taken from the fit shown in Figure 5-10.

Bonding Binding energy AE Percentage
environment 4ds), (eV) (rel. to Sb-Sb) (eV)
Sb-Sb 32.40 0.00 36.1
Sb-Mn 32.10 -0.30 14.2
Sb-O 34.39 1.99 49.7

Table 5-3: Core level and percentage composition for the C 1s, O 1s, Min 3p, and Sb 4d

Core level Percentage
composition
C1s 41.41
O1s 25.68
Mn 3p 8.34
Sb 4d 24.56

Hysteresis loop examination via magnetometry measurements as
mentioned early in Chapter 2 plays a significant role in examining the magnetic
properties of MnSb. In this experiment, SQUID (superconducting quantum
interference device) measurements generate the hysteresis loop by the measuring

the ferromagnetic magnetic flux while changing the magnetising force. Results are

shown in Figure 5-11.
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Figure 5-11: SQUID magnetometry of a 28 nm MnSb nominal thickness on graphene
on Cu plate substrate. Panel (a) shows a hysteresis loop (M-H) acquired at 10 K and
300 K between -3 and 3000 Oe. Panel (b) shows a M-T plot for the same sample taken
at a fixed applied field of 3000 Oe, the inset shows a Brillouin function plot for MnSb at
T.=590 K.

Figure 5-11 shows magnetometry measurement of MnSb on graphene/Cu.
In our study, measurements of M vs H were taken at a fixed temperature of 10 K
and 300 K while M vs T measurements were taken at a fixed field of 3000 Oe. The

shape of the curve is indicative of hard axis behaviour, while the coercive field is
(667 £ 5) Oe at 300 K and (900 % 20) Oe at 10 K. SQUID measurements also show

that the magnetic field is aligned out of plane which results in the field being
aligned with the sample load area which is located at the top of the
magnetometer. This study only sees hysteresis loop for thicker sample — 28 nm.
Thinner samples ended up with no magnetic response being detected. SQUID

measurement showed that the MnSb film is ferromagnetic at room temperature.

104



Summary of the nominal thickness to Mn percentage from XPS is plotted as in

Figure 5-12.

Mn % from XPS
w
T

- ® % Mn from XPS
1+ — Power law fit

0 . 1 . 1 ) | . ] . 1 .
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Nominal thickness, (nm)
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Figure 5-12: Top panel is a nominal thickness for set of samples versus Mn percentage
from XPS, bottom panel is the condition after MBE growth for 28 nm and 1.6 nm
nominal thickness, left and right respectively.

Top panel of Figure 5-12 shows a Mn percentage to nominal thickness for
MnSb on graphene/Cu for different samples. This is well below linear, as expected
for clusters as explained in Figure 5-3. When the x-ray beam focused on the Mn
surface, the detector only count the electrons that have travel through the sample
into the vacuum of the instrument. Mn layers will allow more photoelectrons

passed through compare to Mn cluster due to its thickness. As the thickness
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increase, the signals detected from the electron detector at the surface is much
higher than the signals detected from deeper below the Mn surface. The
exponential function become apparent as the depth increase. Thus, it is plausible
that Mn clusters represent below liner with nominal thickness less than 10 nm as
in Figure 5-12. Bottom panel displays the conditions of Cu plate after MBE growth.
28 nm plate changed to silver colour relatively to MnSb while 1.6 nm plate

remained Cu original colour due to the minimum cluster of MnSb formed.

Discussion

The theoretical and experimental study of half-metallic ferromagnetic
(HMF) materials remains interest among researchers. As our group had
successfully growth MnSb on different single crystal semiconductor materials
substrate, we had a presumably strong fundamental for understanding MnSb [34],
[93], [94], [96]. As explained in Section 1.4, MnSb had three types of polymorphs.
Experimental observation for the growth of MnSb(0001) thin film on GaAs(111)
[34] represented multiple phases were formed during the thin film growth
including surface reconstruction, atomic diffusion and the formation of secondary
phase of c-MnSb. The n-MnSb epilayer is grown on GaAs(111) with a number of

misfit dislocations near the surface.

In this study, some of the evidences from SEM and RHEED shows MnSb
epitaxial growth is obtained with graphene, but this was not enough to deduce
completely about epitaxy of MnSb on graphene/Cu. Other researcher had grown
MnSb on graphite [104], [105]. We compare the morphology and surface

structures and magnetic properties with ours.
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0.335 nm

Figure 5-13: An illustration of graphite crystal structure. The dotted lines model the
weak forces between the layers in graphite. The hexagonal unit cell is 0.142 nm and
half the crystallographic c-axis spacing is 0.335 nm.

Figure 5-13 shows a graphite crystal structure. Graphite is known as a
layered, planar structure [106]. The atoms are arranged in a few layers of
hexagonal pattern with unit cellc = 0.671 nm and a = 0.246 nm [107]. Graphite
consists of few layers of graphene. In graphite, there are three carbons atom
connected with each carbon atom by covalent bond (Figure 5-13). There is one
non-bonded outer electron left and becomes delocalised and its free to move
through the structure. This behaviour influences graphite as conductor. The

carbon layers are bound in the c-direction by weak van der Waals forces, [106].

Zhang et.al [105] confirmed the MnSb nanocrystalline were formed on

highly oriented pyrolytic graphite (HOPG) along the step edges. The STM images

revealed 2 x 2 and (2V3 x 2\/3_)R30 ’reconstructions on the MnSb(0001) surface
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and a 2 x 1 superstructure on MnSb(1011). The surface morphology from our
sample is quite similar with nanocrystalline formed along facet features as shown
in Figure 5.2(d). If the non-bonded outer electrons are free to move and acted such
as asingle layer on graphene, presumably our sample can be identified with similar
surface reconstructions. STM has not been carried out in our study due to high
RMS roughness approximately at 20 nm to 30 nm for (40 x 40) micron image size.
As we can see in AFM image Figure 5-2(c), MnSb nanocrystalline sizes are the
range of several hundreds nm. The STM resolution is up to 1.0 nm which is smaller

than our MnSb islands.
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54 Summary

The growth of MnSb on graphene/Cu layers has been investigated over a
range of thickness with growth time at constant growth rate. The growths are
successfully enabled with MBE method. Surface topology revealed a textured
nano-crystallites structure. It demonstrated 90% coverage of denser nano-
crystallites at longer growth time with a nominal thickness 28 nm compared to a

thin nominal thickness 1.6 nm which were too isolated.
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Chapter 6: Graphene on Cu single crystal

6.1 Introduction

It is a general phenomenon that faceting can appear in all substrate where
graphene is covered as a thin film. Facet is found to be able to minimise graphene’s
bending energy as it driven by the overlayer in the vicinity of steps [51]. In Chapter
4, we have seen faceting on our Cu plate. As the Cu plate has a complex grain
structures with polycrystalline behaviour, crystal structure (hkl) is yet hard to be
identified. Unlike the Cu foil which has been produced by roll-based method [73],
the tendency of having one consistent direction as Cu(100) became higher. In our
Cu foil study, facets occurred almost at (100 ) and (210) direction [38]. By
combining both theory and experimental results of Cu foil, we should see facets
on rigid substrate (Cu plate) and this has been proven with LEED, EBSD and AFM
in Chapter 4. We see an interesting preliminary works to be applied for Cu single
crystal in (n10) direction and the sample is immediate availability in storage. This
chapter reports a study of graphene growth on a flat single crystal oriented along
Cu(100) and Cu(410). All samples were investigated and analysed with SEM,
Raman and LEED.

6.2 Experimental details
The samples are Cu single crystals that had been used for a wide variety of

surface science experiments and stored in ambient air for several years. Using the

4-step preparation method as Cu plate, graphene was grown by the CVD technique
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with similar growth conditions as explained in Chapter 4. The samples were taken

through air transfer for SEM, Raman and LEED measurements.

6.3 Results and discussion

Using the same growth conditions, we expected that bulk single crystal
experienced a full coverage of graphene monolayer. This was confirmed with

Raman measurement.

| (a) Cu(100) 2D - (b) Cu(410) 2D

Normalisation
Normalisation

o —— Lﬂ—d
I L 1 ) 1 L I L 1 ) 1

1500 2000 2500 3000 1500 2000 2500 300
Raman wavenumber/cm™ Raman wavenumber/cm™

Figure 6-1: Raman spectra for (a) Cu(100) and (b) Cu(410) after 30 mins anneal and 20
mins graphene growth in CVD

Raman spectrum for both bulk Cu single crystals are represented in Figure 6-1(a)
and (b). The measurements were carried out as explained in Figure 4-1. In both
figures, the 2D/G ratio lies between 2-4 range as expected graphene monolayer
had covered almost the whole Cu single crystal’s surface. A Raman spectrum of
graphene on Cu showing the G peak and 2D peak typical of monolayer graphene.
The negligibly low D peak indicates low defect density in graphene and the high

quality of the graphene samples [108].
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Figure 6-2: SE images for Cu(100) with (a) low magnification with green and red a
zoom in showed at (i) and (ii) respectively. (b) and (c) displays a higher magnification
of the sample.

Figure 6-2 shows SEM images of the Cu(100). Monolayer graphene can be
seen in panel (a), almost 85 to 90 % of the image represented with bright area
while in contrast are some bilayer patches. No impurity spots detected as the 4-
step preparation had successful produced clean bulk Cu single crystal. The bilayer
graphene and meandering facets can be observed in panel (b) and (c). Some of the
bilayer graphene (a)(i) growth on the facet direction. Panel (a)(ii) highlights the

graphene grains boundaries that randomly appeared in between facet and bilayer
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graphene. The facet on Cu(100) shows a lower initial step density compared to foil.
The meandering facet is moving continuously on the surface as same Cu

crystallography does not limit the structural feedback to form [38].

Figure 6-3 shows LEED pattern of Cu(100) from low to higher beam energy.
It was observed that with an increase in the beam energy levels, the strength of
the spots reduced and they diffused further. However, with beam energy
reduction, the spots became clearer with less distortion of the spots. The change
in the variation of these features arose due to structural effects of graphene in the
samples. Regardless of the changes in the beam energy, some LEED spots do not
change with the beam energy changes: these are referred to as (00) beams
emanating from facets on an incline surface plane to Cu(100). Only a few images
have been selected as a representative and used to show the trend throughout
the various adjustments as shown in the Figure 6-3. At 35 eV, we can see 4 facet
spots at Cu <100>. An arc can be seen obviously at 40 and 45 eV and it came from
the centre of the facet spots opposite of the arc. This arcis an azimuth ring in LEED.

Different colours of facet spots showed the corresponding arc as in panel (b).
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Figure 6-3: Cu(100) LEED patterns from graphene on Cu. (a), (b) and (c) are indexed in

(d), (e) and (f) respectively shows graphene orientation preference. Panel (g), (h) and

(i) are indexed in (j), (k), and (I) at a higher energy displaying how facets do not move

with energy. Blue represents the expected reciprocal lattice of facet spots on Cu(100).

Red, green, yellow and purple indicates the graphene rings related with facet Cu(100).
(1) in blue line shows the 12 strong graphene spots
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Figure 6-4: SEM images for Cu(410). Panel (a) is low magnification image and red
circles represent impurity spots. Panel (b), (c) and (d) are details image with high
magnifications and were taken at different spots of scan area. Darker region marks as
bilayer graphene and black-dashed line is graphene grain boundaries.

Figure 6-4 shows SEM image for Cu(410). Panel (a) displays a low
magnification image at approximate size of 90 um x 60 um with labels on the figure
represents the bilayer graphene, Cu grain boundary and Cu surface defect. Cu
surface defect was expected due to the initial physical conditions of bulk Cu after
4-steps surface preparation. A rough surface and some small dent or defect
obviously can be seen. The green circles show impurity spots that come from bulk
contamination from Cu while in CVD. In CVD quartz tube, some Cu residual from
previous growth and contaminated the tube surface. It may react to the next

sample growth. Regardless the defect while growing, Cu(410) showed in Figure
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6.1(b) the surface covered with monolayer graphene. Some bilayer graphene with
darker region scattered randomly on the sample. Panel (b) displays facets features
and it continuously grows almost on the same direction. Ambiguous graphene
grain boundary is highlighted with black-dashed line in Figure 6-4(c). Faceting
features appeared in separation line between 1 um to 2 um. The density of facets
are higher compare to Cu(100) as in Figure 6-2(a). Panel (d) shows a different scan
area with some incomplete bilayer region appeared in between facets. It is
plausible the facets appeared more in Cu(410) due to catalytic surface and more

bilayer occurred compared to Cu(100) regardless the same growth conditions.
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(d) 75 eV

Figure 6-5: Cu(410) LEED patterns from graphene on Cu. (a) (indexed in (b)) shows
graphene orientation preference. (b) (indexed in (d)) at a higher energy displaying how
facet do not move with energy. F1 and F2 are two different facet points identified in
the pattern. Green and pink circles are graphene spots correlate with F1 and F2
respectively. Black line is a mirror plane of 2-fold symmetry.

Figure 6-5 represents graphene on copper LEED pattern from Cu(410).
Panel (a) and (b) were indexed and showed in (c) and (d) respectively. There are

two facet points labelled as F1 (green circle) and F2 (pink circle). It was expected
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as Cu(410) direction in mirror plane as 2-fold symmetry implying that these
graphene surfaces are all perpendicular to the incident electron beam and parallel
to each other. Two pairs of graphene domain spots are separated with dashed and

solid line. Mismatch angle is measured between graphene domains and the value

is (11 £ 2)°. Facet reflection showed it is not moving with energy in (c) where

changing in wavelength did not give any effect to the facet point. F2 was indexed
in (d) and apparently 4 pairs of graphene domains can be seen with half hexagonal

pattern formed. There are no signs of Cu reconstruction spots. The angle between

domainsis 11° to 13° as distortion of the spot may influenced the measurement,

but it is still acceptable within range as reported in [38]. This implies that each set

of graphene spots actually comes from a large number of graphene grains [109].

(0, 1) (1,0)
O

21/d (419)

125 eV

Figure 6-6: Cu(410) LEED pattern. (a) after ion-bombardment and annealing of the
surface. (b) Reference LEED pattern from Valbuena et.al [110].
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Figure 6-6(a) shows our LEED pattern after removing graphene with ion-
bombardment and annealing. The surface is cleaned and left the crystal structure
of the bulk Cu. No graphene spots were visible and it was consistent the treatment
had removed graphene overlayer. We compare with study from Valbuena et.al
and show in panel (b). We can see the square pattern represents the diffraction
from Cu(410). The splitting distance labelled as 2m/d is consistent with the
expected superperiodicity of the new regular step array [110]. Facet (00) spots
were identified by monitoring spot movement with beam energy and were easy
to observe due to their constant position on the screen as the electron energy was
changed. The sample LEED movie (in AVI file format) steps through beam energies
from 45 to 100 eV, and the non-moving facet spots to the left and right of the
electron gun are clearly visible. A few extra spots with weaker density appear as

symmetry indexing of (1,0), (1,1),(1,1,) or (1, 1).
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6.4 Summary

This chapter can be summarised that graphene on Cu does not like to stay
at steps but more stable on facets. Graphene quality was confirmed by Raman
spectrum with monolayer full coverage. Cu(100) experienced graphene growth in
many orientations with tendency to simple domain epitaxy. Graphene is sitting on
some Cu facets and in all directions even Cu crystallography oriented along (100)
direction. In SEM (Figure 6.2), initial facet on large flat area of Cu(100) surface
showed low steps density and consistent with bending energy argument. At high
energy, we see simple domain of graphene in all order and four-fold symmetry as
it should be. When graphene growth is started, strong energy push to smooth Cu
surface. Cu(410) inherited with completely facets on the surface. When high
energy is applied at the starting of steps density, graphene grows with higher facet
coverage. After argon sputtering on Cu(410), it just reverted to the nice surface of
single crystal. MnSb is not deposited on the graphene/Cu single crystal due to

oversize compared to our MBE sample holder.
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Chapter 7: Conclusions and future work

7.1. Conclusions

The evolution of high technology devices has powered up the development
of simpler yet more efficient hardware. The interests in graphene as a highly
functional material have been widely acknowledged. At present, many
researchers are in active pursuit to further process and functionalise graphene
to make it perform even better as a storage devise. One example is to

magnetise graphene through binding with another substrate.

Throughout this research, arrays of techniques have been utilised to study
the structural, chemical and magnetic properties of MnSb thin films on
graphene on Cu substrate. Beforehand, a detailed study for Cu substrate are
carried out in the first experimental report in Chapter 3. An initial study has
focused on how Cu foil substrate preparation can be applied to Cu plate.
Research on Cu foil usage as substrate successfully produce a full coverage of
monolayer graphene growth has already been established. Through them, we
have managed to prepare a Cu plate that is 10 times thicker than Cu foil. Using
2-steps preparation of Cu foil on Cu plate, high density of impurity spots within
an area was shown at an average of 2.2 um™ indicating quite serious
contamination. The 4-steps preparation enhances the outcome of graphene
growth. An acceptable graphene grain on Cu plate shows an average size
between 10 um to 40 um. The 4-steps preparation of Cu plate promises full
coverage of monolayer graphene and low impurity spots density area after

CVD growth.
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The rigidity and flatness of Cu plate is crucial for MBE overgrown layer of
graphene on Cu plate. This influence the RHEED in-situ reading since Cu foil
surface can easily form wrinkles after being spot-weld on the substrate holder
[41]. As a matter of substrate quality, Cu plate needs to get the best conditions
before undergoing the overgrowth in MBE. The results in Chapter 4 indicate
that the growth parameter in CVD at 30 minutes annealing and 20 minutes

growth times result in epitaxial graphene films on Cu plate. The LEED analysis

reveals the pattern of graphene rings and weak mismatch at 11°+ 2° between

two graphene domains. The RHEED analysis shows a straight line of shadow
edge in Cu plate compare to Cu foil. It showed the rigidity of the Cu plate. A
structural feedback or faceting on graphene films is not only limited to Cu foil
but also appeared in our Cu plate. These facets are a signature feature on
graphene growth. XPS elemental chemical analysis proves the C, O and Cu

peaks fitted with associated binding energy of graphene layers.

Following Chapter 4 studies, graphene on Cu plate is ready for MBE to
overgrown MnSb. Chapter 5 presents MBE growth of MnSb on graphene/Cu
plate over a range of thickness. The surface topology of MnSb on graphene/Cu
can be thought as a textured nano-crystallite at nominally 28 nm thickness
while 1.6 nm displayed an isolated MnSb islands. In-situ RHEED reveals random
diffraction streaks and spots and impossible for indexing on Cu plate before
MnSb growth. This pattern matches with polycrystalline Cu texture. Post-
growth RHEED analysis deducts the d-spacing of our sample to be 4.9 A. While
the reported d-spacing of MnSb(0001) is 5.79 A. The difference plausibly
influenced by tilted facet on graphene as discussed in LEED (Figure 4-3). SQUID
as a magnetometry technique shows a hard axis behaviour with the coercive

field is (667 * 5) Oe at 300 K and (900 + 20) Oe at 10K.
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The final experiment of Cu single crystals is described in Chapter 6. A bulk
Cu(100) and Cu(410) undergone graphene growth using the 4-steps
preparation method. Both Cu single crystals have 2D/G peaks in Raman
spectrum in ratio range of 2 to 4. It indicates monolayer graphene. The bulk
single crystal gives promising quality of graphene as our plate with full
coverage of monolayer and some bilayer regions in the SEM. The growth
parameter in CVD remain the same as applied to Cu plate. SEM images reveal
the meandering facets on Cu(100) in all directions. In contrast, Cu(410) facet
has low density of steps. LEED pattern confirms epitaxial graphene on Cu(100)
with graphene ring and three weak mismatch domains. While Cu(410) appears

only with two mismatch domains graphene. The angle of separation for both
Cu(100) and Cu(410) is 11°+ 2°. This preliminary study on Cu(100) and Cu(410)

confirms a facet as signature features of graphene films occurs in our foil, plate

and bulk single crystal.

7.2. Future work

MnSb epitaxial growth on graphene/Cu is promising with some of the
analysis that has been reported here are not enough to deduce completely
about MnSb polymorphs and their spintronic applications. These derive from
both interfacial, for spin transport, and halfmetallic polymorph, for
magnetometry, deliberations. Regarding the interface, the interaction of Mn
with the surface of graphene is seen to be epitaxial and the substitution of Mn
into the surface could act to form island nucleation. XRD has failed to detect
the crystal structure on our sample. This limited our study on the nanocrystal

orientation of MnSb. Some future works can be suggested to quantify MnSb
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nanocrystal structure and epitaxy such as a transferable sample for tunnelling
electron microscopy (TEM), synchrotron XRD and small-angle X-ray scattering
(SAXS). Otherwise, if using the same XRD method, a thicker film than 28 nm
should be grown.

MnSb is a promising ferromagnetic material. The magnetic strength of the
sample may obscure the graphene layers that underlying by MnSb islands.
SQUID is known as a precision technique with detection sensitivity of as low as
5 x 1018 T. The magnetic signals from our sample presumably come as a
consequence of strong magnetic fields of MnSb nanocrystal. To get the
magnetic moment in graphene, x-ray magnetic circular dichroism (XMCD) can
be suggested to this work provided that the sample is flat, smooth and clean.

We grew some thinner samples of less than 5 nm and no hysteresis loops
was detected. The behaviour of MnSb thin film thickness in the range of

between 5 nm to 25 nm is yet to be studied.
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Appendix A

XPS Analysis For MnSb Other Samples
Introduction

This appendix outlines the XPS analysis performed on the growth of MnSb on
graphene/Cu substrates with growth times varies at 0.5 min, 0.75 min, 1.25 min,
and 3 mins. This work was performed at shorter times than the sample we

presented in Chapter 5. All fitting were applied as explained in Chapter 5.

Sample Ty, (°C) Nominal thickness, ~ Growth time,  Sb capped

(nm) (min)
G006 200 5.69 3.0 Yes
G007 200 0.88 0.5 Yes
G008 200 1.61 0.75 Yes
G010 200 2.34 1.25 Yes

Table A-1: Growth conditions for all MnSb on graphene/Cu sample

Table A-1 shows a growth condition of all MnSb on graphene/Cu sample. These
samples were grown after we got the hysteresis loops in SQUID for 28 nm. Figure
(A-1), (A-2), (A-3) and (A-4) show XPS fitting spectra for C, O, Mn and shallow core

of the sample.
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Figure A-A-1: C 1s for all MnSb on graphene/Cu sample.
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Figure A-A-3: Mn 2p for all MinSb on graphene/Cu sample.
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