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Abstract
Graphitisation of diamond and SiC surfaces to produce high-quality epitaxial
graphene was developed and investigated using surface sensitive techniques,
namely X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction
(LEED), low-energy electron microscopy (LEEM), and X-ray photoemission
electron microscopy (XPEEM). The transfer of epitaxial graphene grown by cat-
alytic graphitisation has been achieved and studied using Raman spectroscopy.

Above 930 ◦C, the diamond (111) surface undergoes a (2×1) reconstruction with
three domains, confirmed by XPS and LEED. Previously acquired angle-resolved
photoemission spectroscopy (ARPES) measurements are affirmed by modern
density-functional theory (DFT) modelling along the KΓK reciprocal space
direction which demonstrates the π-band rising above the Fermi level, indicative
of a metallic surface state. Heating the diamond surface above 1000 ◦C produces
graphene that co-exists and strongly interacts with the (2 × 1) reconstruction,
evidenced by the emergence of Dirac cones along the KgMKg direction in both
previously acquired ARPES and DFT modelling.

The temperature required to graphitise the diamond (111) surface is catalyti-
cally reduced to ∼500 ◦C in the presence of a thin iron overlayer. The purity
and crystallography of the iron is vital in producing epitaxial graphene with
minimal defects. Real-time electron emission spectroscopy (REES) allowed
the detachment, transport, and re-crystallisation of carbon from the diamond
surface into graphene to be monitored for a linear temperature ramp to 685 ◦C.
A heavily boron-doped diamond was catalytically graphitised at 640 ◦C. Angle-
resolved XPS and Raman measurements reveal that boron is transported
through the iron and forms a boron-doped graphitic structure with a boron
content of ∼5 % and p-type characteristics.

Patterned graphene is fabricated directly on the 6H-SiC (0001) surface using
catalytic graphitisation. LEEM, XPEEM, and Raman spectroscopy mapping
confirm that graphitised regions adhere perfectly to the catalyst pattern
with a step edge <50 nm. An acid-free delamination transfer technique
using a polyvinyl alcohol scaffold was developed in order to move graphene,
catalytically-grown on SiC, onto silicon dioxide. This improved transfer
heralds an order-of-magnitude improvement in the post-transfer defect density of
graphene when compared to acid-etch transfer techniques, as well as significantly
reducing polymer residues and contamination. Raman spectra with the
characteristic graphene Raman peaks (D, G, and 2D) have been measured for
the first time on catalytically-grown graphene from diamond.
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Chapter 1

Introduction

1.1 Background & Motivation

Graphene is a material that has captured the imagination of the scientific

community and the wider public since it was first isolated in 2004 by Andre

Geim and Konstantin Novoselov at the University of Manchester [1]. There have

been significant leaps in understanding this material from numerous academic

groups (which are addressed in detail in section 4.3), and due to its exciting

properties, graphene has been proposed for a variety of application types from

electronics [2–4], energy storage [5–7], medicine [8–10], defense, optoelectronics

[11, 12], construction [13], thermal management [14], and many more. The

list of potential applications is extensive, and graphene has already made its

debut into some commercial applications. Small and medium-sized enterprises

across the UK and internationally have already made the leap into developing

and commercialising graphene, meaning that graphene-containing products are

already available for purchase in 2019. As such, current predictions expect the

global graphene market to be worth over £150 million by 2022 [15]. Figure 1.1

presents a roadmap for graphene applications in the 21st century as compiled
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Chapter 1. Introduction

by the Graphene Flagship, a consortium of over 150 academic and industry

partners in the EU [16]. The success of this roadmap is highly dependent on the

development of graphene growth techniques, both for high yield (lower quality)

and high quality (lower yield) routes.

In 2012, the Aberystwyth University materials research group reported a new

method of growing high-quality epitaxial graphene on diamond and silicon

carbide [17]. The method is essentially the reverse process of diamond formation

in the Earth’s crust, where non-diamond carbon is catalytically converted in

diamond with the aid of transition metals under extreme temperatures and

pressures [18, 19]. In UHV, a thin film of iron (a minimum of 0.75 nm

thick) deposited onto a diamond surface will drastically reduce the temperature

required for graphitisation from ∼1000 ◦C to ∼500 ◦C [20]. Catalytically-grown

graphene resulting from this method benefits from being fabricated directly onto

useful substrates with their own impressive properties. The growth method

is now well-understood for both diamond and silicon carbide surfaces, with

both substrates capable of producing large, high-quality, epitaxial, single crystal

graphene. Another avenue of research that has been pursued by many research

groups involves changing the properties of graphene via functionalisation and

doping. As such, the doping of catalytically-grown graphene with boron is

addressed in this thesis. Graphene often requires post-growth processing in order

fabricate useful devices, such as patterning into useful architectures. In this

work, the patterning of catalytically-grown graphene into useful architectures

for electronic devices during growth has been considered in this work. Spatially-

resolved electron spectromicroscopy techniques and Raman mapping have been

key in showing that the graphene grown using this technique only exists in the

region where the catalyst has been deposited. On the matter of metrology, there

2



Chapter 1. Introduction

Figure 1.1. The graphene science and technology roadmap published by the Graphene
Flagship extending beyond 2030 [16].
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Chapter 1. Introduction

have been gaps in the characterisation of graphene grown using this method

with Raman spectroscopy, the widely accepted ‘fingerprint’ method of graphene

characterisation. The Raman scattering yield from catalytically-grown graphene

on iron is extremely small, and so this has required the need to develop a suitable

transfer technique to silicon wafer in order to benefit from the inherent surface

enhancement effect that the silicon oxide layer provides [21, 22]. In this thesis,

the first example of a characteristic Raman spectrum from graphene grown using

the catalytic graphitisation technique is reported.

The primary aim of this work is to further develop an understanding of the

diamond-graphene interface and the transition metal catalytic graphitisation of

diamond and silicon carbide, on matters of doping, patterning, and transferring

catalytically-grown graphene to arbitrary substrates.

1.2 Thesis Layout & Contributions

This thesis has been divided into 8 chapters (including this one), which contain

the following content:

Chapter 2 guides the reader through the multitude of experimental techniques

that have been utilised for this work, with special attention given to photoe-

mission spectroscopy, which makes up the majority of data in this thesis. An

explanation of ultra-high vacuum theory, which is synonymous with surface

science, has been provided. In particular, the monolayer formation time of

contamination is addressed. Other supplementary techniques such as low-

energy electron diffraction, Raman spectroscopy, and atomic force microscopy

are explained. Chapter 3 presents a brief explanation of equipment operated
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Chapter 1. Introduction

in this work with an emphasis on the home laboratory in Aberystwyth, where

the most hands-on experience was gained. The final background chapter of this

thesis, chapter 4, focuses on the two carbon allotropes of interest: diamond and

graphene. The structure, properties, and fabrication methods of these materials

are reviewed as well as their doped forms which have different properties.

The remaining chapters present the research conducted during the project.

Chapter 5 presents a study where the (111) surface of diamond is altered by

heating in UHV to first drive off oxygen and create a hydrogen-terminated

surface, then heated again to produce a (2 × 1) reconstruction, before finally

creating graphene in co-existence with the (2× 1) reconstruction. In the home

laboratory XPS and LEED data show the various surfaces of the diamond

after successive annealing cycles. Experimental angle-resolved photoemission

spectroscopy (ARPES) data was acquired by Dr Simon Cooil (Aberystwyth

University) at the SGM 3 beam line at the ASTRID synchrotron in Aarhus.

This is compared to density-functional theory (DFT) modelling of the diamond

(111) surface conducted by the author at the School of Electrical and Electronic

Engineering at Newcastle University, under the guidance of Dr Jon Goss.

Further application of electronic band broadening and the Fermi function was

implemented by Dr Simon Cooil. At the time of writing, the results of this

chapter are under preparation for publication.

Chapter 6 details the production of graphene using the iron-mediated graphiti-

sation technique developed at Aberystwyth University. The deposition of high-

quality iron thin films by evaporation from a Knudsen cell is described, and

comments made on the transfer of crystallographic registry from the diamond

substrate, the crystalline iron structure, and its electronic properties. Iron-

5



Chapter 1. Introduction

mediated graphitisation is first demonstrated on a natural moderately boron-

doped diamond, confirming the reproducibility of the technique first proposed

in Carbon in 2014. The second catalytic graphitisation has been performed on

a heavily (superconducting) boron-doped diamond in an attempt to fabricate

boron-doped graphene. The heavily boron-doped diamond sample was kindly

provided by Dr Taisuke Kageura from the Kawarada Laboratory (School of

Science & Engineering) at the Waseda University, Japan.

Chapter 7 concerns the patterning of catalytically-grown graphene into simple

architectures, and also transfer to silicon oxide coated silicon wafers for further

characterisation, mainly with Raman spectroscopy. Patterning graphene into

dots via shadow mask deposition of iron is demonstrated in the home laboratory

with XPS and Raman spectroscopy mapping. A similar experiment was also

conducted at the U49 PGM SMART beam line at the BESSYII synchrotron

alongside Dr Simon Cooil, Prof. Justin Wells, and Mr Frode Strand from

the Norwegian University of Science and Technology (NTNU) in Trondheim,

(Norway), as well as Mr Joseph Durk from Aberystwyth University. Beam

line support was provided by Dr Maurico Preito and Dr Thomas Schmidt of

the SMART instrument research group. XPS, LEED, and PEEM were utilised

to monitor the graphitisation process, and then Raman spectroscopy mapping

was conducted back at the home laboratory. The transfer of catalytically-grown

graphene was also explored, first by conducting a comparison study between two

differing techniques (referred to as ‘wet’ and ‘dry’) to transfer CVD graphene to

silicon oxide, and then determining the structural and chemical quality of the

transferred graphene with Raman spectroscopy mapping and XPS. Graphene

samples grown in a hot-wall CVD reactor were kindly provided by Dr Neil

Wilson from the Department of Physics at the University of Warwick. A

6



Chapter 1. Introduction

transfer of catalytically-grown graphene from diamond, evidenced by Raman

spectroscopy, is presented in the closing of the chapter.

Finally, chapter 8 concludes by summarising the thesis and future work to be

conducted.
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Chapter 2

Experimental Techniques

2.1 Ultra-High Vacuum (UHV)

A vacuum is defined as a space completely devoid of matter. For all intents

and purposes, such a state cannot be achieved experimentally. Instead there

are defined ranges of ‘vacuum’, detailed in table 2.1, which are required for

different applications. For any surface scientist, the use of ultra-high vacuum

(UHV) systems is inescapable for two main reasons. Firstly, the reduced gas

density allows the use of experimental techniques which involve electrons or

ions travelling toward a sample or detector, without interference from gas phase

scattering. Surface science also requires the condition of the surface to remain

constant, and so UHV conditions enable the preparation of atomically clean

surfaces and allow them to remain contaminant-free for the duration of an

experiment. In sections 2.1.1 and 2.1.2, the justification for UHV in surface

science is explored with respect to the kinetic theory of gases.

8
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Degree of Vacuum Pressure Range / mbar

Low (LV) 103 > P > 3.3× 101

Medium (MV) 3.3× 101 ≥ P > 10−3

High (HV) 10−3 ≥ P > 10−6

Very High (VHV) 10−6 ≥ P > 10−9

Ultrahigh (UHV) 10−9 ≥ P > 10−12

Extreme Ultrahigh (XHV) 10−12 > P

Table 2.1. Vacuum Ranges [23]

2.1.1 Mean Free Path of Particles

The gas particles in vacuum system are assumed to follow the ideal gas law,

mathematically represented by

n =
N

V
=

P

kBT
(2.1)

where n is the number of gas particles N per unit volume V , i.e. the gas density

(m−3), P (Pa) is the base pressure, kB is Boltzmann’s constant (1.38× 10−23

J K−1), and T is the temperature (K). It should be noted at this point that these

equations use SI units, whereas throughout this thesis, pressure will be stated in

millibar (mbar) as this is the unit convention used in the home laboratory. As gas

particles are pumped away and the gas density decreases, the average distance

that the remaining particles travel between collisions increases, as described by

the simple hard-sphere collision model [24]. This distance is known as the mean

free path λ (m) of the particles. For particles with neutral charge, the mean

free path is calculated using the equation

λ =
kBT√
2AP

(2.2)

where A is the particles collisional cross-sectional area. Using equation 2.2, we

can estimate the mean free path for a hypothetical vacuum system at room

9
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Pressure P / mbar Mean free path λ / m

103 ∼10−7

101 ∼10−5

10−3 ∼10−1

10−6 ∼102

10−9 ∼105

Table 2.2. Mean free path of particles vs. pressure for N2

temperature (∼294 K) where the average particle radius is 2�A. The results of

this calculation are shown in table 2.2. In order to achieve a mean free path on

the order of metres, sufficient for the use of electron/ion/molecule experiments,

the vacuum system needs to be pumped down to the high vacuum range (P <

10−4 mbar) [23].

2.1.2 Monolayer Formation Time

When considering how quickly a surface becomes contaminated by particles

absorbing from the gas phase, the concept of particle flux becomes important.

According to the kinetic theory of gases, the flux Γ (m−2 s−1) of an ideal gas

incident on a unit surface from one side is

Γ =
1

4
nν (2.3)

where ν (m s−1) is the average particle velocity as described by the Maxwell-

Boltzmann distribution of particle velocities [25]. By substituting equation 2.1

and the equation for ν into 2.3, we obtain

Γ =
1

4

(
P

kBT

)(√
8kBT

πm

)
=

P√
2πmkBT

(2.4)

where m (kg) is the particle mass. This clearly shows that the particle flux is

directly proportional to pressure. In reality, only a fraction of these particles

10
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Pressure P / mbar Γ / m−2 s−1 tml / s

103 1027 10−9

101 1025 10−7

10−1 10−23 10−5

10−4 10−20 10−2

10−7 10−17 101

10−10 10−14 104

Table 2.3. Monolayer Formation Time vs. Pressure for N2

will adsorb onto the surface during a unit time, while others are absorbed briefly

before desorbing back into the gas phase again. The probability of adsorption

is described by the sticking coefficient ξ, which is the ratio between the net rate

of adsorption (adsorption minus desorption) and the rate of molecular impacts.

This coefficient takes a dimensionless value between 0 and 1, and varies with

coverage tending toward zero as adsorption reaches equilibrium [26]. However

by assuming the sticking coefficient is unity, a lower limit for the monolayer

formation time tml can be calculated as

tml =
1

Γd2o
=

4

nνd20
(2.5)

where d0 is the surface area per surface site. By using equations 2.4 and 2.5,

the values for Γ and tml have been calculated for a vacuum system containing

diatomic nitrogen particles at room temperature. The results are presented in

table 2.3, from which it becomes clear that to maintain a contamination-free

surface long enough for an experiment that uses surface sensitive techniques,

the pressure in the chamber must be pumped down to the ultra high vacuum

range (P < 10−9 mbar) [23].

11
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2.2 Photoelectron Spectroscopy (PES)

The photoelectric effect is the phenomenon where electrons are ejected from a

material when electromagnetic radiation is incident upon it. The effect was first

observed in 1887 by Heinrich Hertz [27], and it brought into question the nature

of light. Before Albert Einstein’s quantized theory of light in 1905 [28], physicists

did not understand why photoelectrons were emitted by high-frequency low

intensity light, but not by low-frequency high-intensity light. Fundamentally it

is the frequency-dependant energy per photon, not the total number of photons

(i.e. intensity), that dictates whether or not photoelectrons are produced. The

phenomenon of photoemission presents an opportunity to study the elemental

composition, chemical environment, and electronic properties at the surface of

a material via the powerful techniques of photoelectron spectroscopy (PES).

These techniques probe the binding energies of electrons in the valence electronic

structure and core levels of atoms, molecules, and various materials. The two

main PES methods use ultraviolet and X-ray radiation to probe these binding

energy regimes respectively, and give rise to the two main derivative forms of

PES, both of which will be discussed in further detail in this chapter.

2.2.1 Fundamentals of Photoemission

The process of photoelectron emission has been extensively studied with many

theoretical models being proposed, which are discussed in detail by Stephan

Hüfner’s work [29]. A three-stage process is described which distinguishes

between the initial excitation and the transfer of excited electrons to the

material’s surface:

1. The electron absorbs a photon with energy greater than the electron’s

binding energy Eb, and is excited to a higher energy state greater than

12
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the vacuum energy level.

2. The electron travels through the material until it reaches the sur-

face/vacuum interface. The electron may undergo inelastic scattering

events, losing energy with each interaction. The electron may also undergo

elastic scattering meaning that the electron takes a longer path to reach

vacuum without losing kinetic energy.

3. The principal photoelectron is ejected into the vacuum with kinetic energy

Ek. Electrons that lost energy due to inelastic scattering events are ejected

with less kinetic energy and are known as secondary electrons.

The photoelectric effect observed by Hertz is the simplest case, where the

incident photons have enough energy to liberate electrons at the Fermi level.

The kinetic energy of these electrons is

Ek = hv − φs (2.6)

where φs is the sample work function, h is Planck’s constant (6.626× 10−34 J s),

and v is the photon frequency. A more general form of equation 2.6 includes the

electron binding energy Eb relative to the Fermi level. This equation,

Ek = hv − Eb − φs (2.7)

applies to electrons in all energy states, valence or core. A final Ek correction

must be made with regards to the analyser, which has a work function different

to that of the sample, φA, which is a known value depending on the analyser.

This difference of work function between the analyser and sample is resolved

by forming a contact potential (φs − φA) through electrical connection, which

13
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Figure 2.1. Relationship between a sample’s density of states N(E) and the
photoelectron spectrum I(E) generated by photons of energy hv. The abscissa for
photoelectrons is kinetic energy with zero at the vacuum level of the sample. The
binding energy for solid samples is measured in reference to the Fermi level. Figure
apdapted from S. Hufner [29]
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causes an offset in the photoelectron’s Ek. This changes equation 2.7 to

Ek = hv − Eb − φs + (φs − φA) (2.8)

which leaves the final equation required to experimentally measure the binding

energies of bound electrons in a sample as

Ek = hv − |Eb| − φA (2.9)

This mathematical relation is shown schematically in figure 2.1. It is convention

among researchers using PES on solid samples to reference Eb to the Fermi level,

whereas measurement of free atoms or molecules uses the true vacuum level.

2.2.2 Conservation of Electron Momentum

As well as the kinetic energy of photoelectrons, it is possible to ascertain their

momentum in the vacuum
−→
K if the emission angle is also recorded. Translational

symmetry of the crystal surface potential means the in-plane component of the

electron momentum
−→
k is conserved across the surface boundary, such that

−→
K‖ =

−→
Kx +

−→
Ky =

−→
k‖ (2.10)

−→
k‖ =

√
2mEk
~

· sinϑ (2.11)

On the other hand, the normal component of the electron momentum
−→
K⊥ is not

conserved across the surface boundary, such that

−→
K⊥ =

−→
Kz 6=

−→
k⊥ (2.12)
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If the photoelectron has a large energy compared to the vacuum level, then the

normal electron momentum component can be calculated by assuming that the

dispersion of the final electron states approximates to the free-electron model.

This means that
−→
k⊥ can be expressed as

−→
k⊥ =

1

~
√

2m(Ekin cos2 ϑ+ V0) (2.13)

where V0 is the inner potential of the crystal which arises due to a zero-

energy difference between the crystal and the vacuum. This value is usually

approximated by comparing theoretical modelling to data acquired at different

excitation energies [30]. The V0 term can be ignored for studies of 2d materials

where
−→
k⊥ = 0. The electron’s full in-plane momentum vector is determined

by measuring the polar ϑ and azimuthal ϕ angles that photoelectrons leave

the sample surface, using a technique known as angle-resolved photoemission

spectroscopy (ARPES). This information can be used to construct an image of

the density of electronic states in the reduced surface Brillouin zone, i.e. binding

energy against momentum (K-) space [29].

2.2.3 Photoionization Cross-section

When interpreting a photoelectron spectra, one may be lead to think that

the relative intensities of spectral features in PES directly infer the relative

atomic composition. However the reality is not quite as simple. It is vital

to remember that not all atoms give up their electrons to the photoionization

process so readily. The ‘eagerness’ of a system, whether it be molecular or

condensed matter, to ionize due to absorbing electromagnetic radiation is its

photoionization cross-section σ, and it is a necessary parameter to consider when

analysing PES data. It is defined as the total probability per unit area, per unit
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time that a photon of energy hv will be absorbed by an electron and cause an

ionization event from all possible excitation paths of each electron orbital. The

transition probability P per unit time between N -electrons in the initial state i

with wavefunction Ψi, to the final state f with the wavefunction Ψf , is dictated

by Fermi’s Golden Rule which states that

Pi→f ∝
2π

~
|Mfi|2δ(Ef − Ei ± hv) (2.14)

where Ei and Ef are the initial and final energies of the electron respectively,

and ~v is the incident photon energy. Mfi represents the perturbation matrix

element, mathematically described as

Mfi = 〈Ψf |∆|Ψi〉 = 〈Ψf |A · p|Ψi〉 (2.15)

where ∆ is the perturbation Hamiltonian between Ψi and Ψf , which is further

expressed in terms of the incident photon vector potential A, and the electron

momentum vector p [31, 32]. This rule holds true when the initial state

has not been significantly depleted due to the photoemission process. The

photoionization cross-section is a function of excitation energy and differs

between atoms and their electron orbitals. For example when hv = 1253.6 eV,

the normalised Scofield cross-section of the Fe 2p core level (i.e. when C 1s is

set to unity) is 15.97 [33, 34]; even a small amount of iron on a predominately

carbon-containing sample would herald a spectrum with a significant Fe 2p

contribution. If a PES experiment has access to a variable energy photon source,

such as a synchrotron, then specific excitation energies can be selected to favour

a larger photoionization cross-section from an element of interest. The values of

photoionization cross-section for most elements have been calculated for a range

of excitation energies [35, 36] and are available online at the Virtual Unified
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Office of the Elettra synchrotron [37]; the quantitative XPS analysis presented

in this work uses these cross-sections.

2.2.4 The Electron Mean-free Path

In section 2.1.1, the mean free path of particles in vacuum was discussed. UHV

is utilised to increase the mean free path of ejected photoelectrons to the order of

metres, thus allowing the use of photoelectron detectors with large path lengths.

However, the photoelectron does not begin its journey at the vacuum-material

interface; it must travel through the material to the surface, during which there

is a probability that a scattering event will occur and the photoelectron will lose

some kinetic energy. The average distance an electron travels in a material before

an inelastic scattering event occurs is known as the electron’s inelastic mean-

free path (IMFP) and is typically on the order of nanometres, as shown by the

universal mean-free path curve in figure 2.2. The IMFP means that the intensity

of a photoelectron peak becomes a function of the distance from the surface

Figure 2.2. The universal curve of electron IMFP as a function of kinetic energy for
all elements. Whilst all materials follow this relationship, the actual values of IMFP
are scattered around the main curve. Figure adapted using equation (5) and data
accumulated from many studies by the work of Seah & Dench [38]
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that its photoelectrons were generated; the probability that a photoelectron

undergoes scattering decreases by e−1 over a distance known as the effective

attenuation length (EAL), λ, and is shown mathematically by

I = I0e
(− x

λ cos θ ) (2.16)

where I is the measured core photoelectron intensity, I0 is the intensity from the

clean bulk material, and x is the emission depth. By setting x as multiples of

λ, the probability that a photoelectron will reach the surface without inelastic

scattering, P (x), can be calculated. At x = λ, ≈37 % of the photoelectrons reach

the surface with their initial kinetic energy; at x = 2λ, P (x) is ≈14 %; and at

x = 3λ, only 5 % of the photoelectrons reach the surface without scattering.

This means that 95 % of the photoelectron intensity originates less than 3λ

from the material’s surface [29, 39]. It is worth noting that the IMFP and EAL

were once used interchangeably to describe the attenuation of a photoelectron

signal through a material (either substrate or overlayer). It is now understood

that elastic scattering modifies the trajectories of the principle photoelectrons

so that they do not travel directly to the material surface. It is more appropriate

to use the EAL to describe photoelectron signal attenuation [40]. As EAL is

typically measured on the order of nanometres, it follows that photoelectron

techniques have a very high surface sensitivity despite X-ray penetration depths

on the order of micrometres. The surface sensitivity can be enhanced by use of

variable energy photon sources and off-normal measurements. A lower energy

photon source results in a lower kinetic energy for a given core level, thus shifting

the IMFP, and the EAL, to a minimum on the universal curve and increasing

surface sensitivity. Adjusting the angle of sample relative to the analyser, θ,

also yields a more surface sensitive measurement.
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2.2.5 Core Level Emission

The first form of PES was developed by Kai Seigbahn in 1957 and was called

electron spectroscopy for chemical analysis (ESCA), more commonly known

as X-ray photoelectron spectroscopy (XPS) [41]. XPS determines the binding

energies of core level electrons which are largely unique for atoms of different

elements, and so the technique is used to ascertain the identities of elemental

compositions as well as the nature of their local chemical environment. As

the name suggests, the technique uses X-rays to generate the photoelectrons

from the core levels. Figure 2.3 shows a typical core level photoelectron

spectrum of a copper sample measured using X-ray radiation emitted from

a non-monochromated Mg anode (hv = 1253.6 eV). A photoelectron peak

Figure 2.3. A high resolution scan of the Cu 2p core level.

corresponds to specific energy level in the atom’s electronic structure and is

presented in modified spectroscopic notation, i.e. nlj , where n is the principle

quantum number (period), l is the orbital angular momentum number (i.e. s,

p, d, f ... for l = 0, 1, 2, 3...), and j is the total angular momentum number.
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n
(shell)

l
(sub-shell)

j
XPS

Notation
Auger

Notation
#orbitals #electrons

1 s 1/2 1s K 1 2

2
s 1/2 2s L1 1 2
p 3/2, 1/2 2p3/2,1/2 L2,3 3 6

3
s 1/2 3s M1 1 2
p 3/2, 1/2 3p3/2,1/2 M2,3 3 6

d 5/2, 3/2 3d5/2,3/2 M4,5 5 10

Table 2.4. Spectroscopic notations for photoelectron core levels up to n = 3

Table 2.4 provides spectroscopic notation of photoelectron core levels up to

n = 3 with corresponding quantum numbers and Auger notation. Core electron

energy levels have discrete energies but are broadened by core-hole relaxation

lifetimes, thermal Doppler effects, and instrumental contributions (see section

2.2.7: Photoemission Lineshape for more details). Therefore the total intensity

of a photoelectron peak is the area under the curve (without the background

contribution).

2.2.6 Valence State Emission

After the success of XPS, another form of PES was developed by David Turner

between 1962 and 1967. A helium discharge lamp emitting photons with an

energy of 21.3 eV was used to generate photoelectrons from gas phase samples.

Turner coined the technique as molecular photoelectron spectroscopy, but it

is far more well known as ultra-violet photoelectron spectroscopy (UPS) due

to the ultra-violet (UV) nature of the photon source [42]. The photoemission

process is exactly the same as XPS, but the lower energy of the photon source

means that only electrons in the valence states (or low binding energy core

levels) can be excited into the vacuum. Whilst higher energy photons could

theoretically produce photoelectrons from this regime, the photoionization cross
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section of core-level electrons at these energies is much larger than that of the

valence electrons, meaning that the core level peaks dominate the spectrum

and valence features diminish. UPS probes the valence states of the surface

of a material and hence the molecular orbital energies from which a wealth

of electronic properties can be quantitatively extracted such as work function,

Fermi level energy (for metals and electrically conductive samples), density of

states, and electron affinity.

2.2.7 Features of Photoemission Spectra

Photoemission Lineshape

For a given core level, there may be multiple species related to that element.

For example, a C 1s peak from adventitious carbon may contain components

at different binding energies which relate to different compounds (e.g. C−O,

C−OH, C−N, etc.) or different hybridisation states (e.g. C−C sp3 or C−−C

sp2). Each component is a convolution of lineshapes from various sources which

must be taken into account during analysis. The excitation source imparts a

lineshape depending on how it generates photons. Standard lab sources which

use characteristic X-ray emission lines provide a Lorentzian contribution (see

section 3.2.1) unless they are monochromated, whereas synchrotron sources

are Gaussian in nature (see section 3.2.3). Further lineshape contributions

are given by intrinsic processes at the instant the photoelectron is generated.

A Lorentzian broadening is imparted by the core-hole lifetime of the sample,

whereas atomic vibrations (Doppler Broadening) and varying defect densities in

the sample provide a Gaussian contribution. The photoelectron analyser also

broadens photoelectron peaks with a significant Gaussian contribution. When

fitting photoelectron peaks, a Voigt profile is typically used as it is a convolution

of Lorentzian and Gaussian lineshapes. However the true form of the Voigt
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is computationally intensive to apply, and so many researchers have proposed

their own pseudo-Voigt lineshapes which are Lorentzian-Gaussian convolution

functions that simulate the Voigt profile [43]. Much of the modern debate is

focused around whether the sum or the product of a Lorentzian-Gaussian profile

is the closest approximation of a Voigt [44]. In this work, the sum pseudo-Voigt

function proposed by Ida et al. has been implemented. The normalised pseudo-

Voigt function is given by:

fpV (x,Γ) = (1− µ)fG(x,Γ) + µfL(x,Γ) (2.17)

where fG and fL are the normalised Gaussian and Lorentzian functions

respectively and µ is a linear mixing parameter (0 ≤ µ ≤ 1) [45]. The linear

pseudo-Voigt approximation for the convolution of fG and fL, proposed by

Thompson et al. is given by:

Γ = (Γ5
G + 2.69269 · Γ4

G · ΓL + 2.42843 · Γ3
G · Γ2

L

+ 4.47163 · Γ2
G · Γ3

L + 0.07842 · ΓG · Γ4
L + Γ5

L)
1
5 (2.18)

where ΓG and ΓL are the full-width-at-half-maximum (FWHM) of the Gaussian

and Lorentzian functions respectively [46]. This pseudo-Voigt function results

in a maximum discrepancy from a true Voigt of ∼1 %.

Peak asymmetry is another factor to consider, especially when analysing core

levels from electrically conducting samples like metals. When electrons in a

metal are excited by an incident photon source, they must travel through the

‘Fermi sea’, an energy region close to the Fermi level where there is a high

density of states. Some of the excited electrons will lose energy to coulombic
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interactions with electrons in this ‘Fermi sea’ and due to the large density of

states in this region, a distribution of lower kinetic energy electrons will be

ejected into the vacuum. This distribution manifests as a extended tail on

the higher binding energy side (lower kinetic energy side) of the photoelectron

peak. The Doniach-Sunjic lineshape (DS), a Gaussian-Lorentzian peak with an

extended tail on the higher binding energy side, is widely used to fit asymmetric

photoelectron peaks [47, 48]. Although the DS lineshape has a strong theoretical

backing, its practical use is difficult. The integral of the DS lineshape is infinite

when a non-zero asymmetry parameter is used, meaning that an arbitrary cut-

off must be defined at some point, hence introducing a degree of subjectivity

when determining stoichiometries from peak intensities [49]. For this work,

asymmetric peaks have instead been fitted using an asymmetric pseudo-Voigt

proposed by Schmid et al. that heralds identical peak shapes and area to DS

whilst requiring less computational effort and a finite area. The pseudo-Voigt

FWHM, Γ, calculated in equation 2.18 is substituted into a sigmoidal expression

of the form:

fσ(x) =
2Γ

1 + exp(−a(x− b))
(2.19)

where a is the sigmoidal step width and b is shift of the sigmoidal step centre

relative to the main peak. The fσ(x) is then substituted into equation 2.17 in

order to produce the asymmetric line shape.

Spin-orbit Coupling

Electrons exhibit two kinds of angular momentum: spin s and orbital angular

momentum l. These angular momenta also have an associated magnetic

moment, µs and µl, and it is the interaction between these magnetic moments

that results in spin-orbit coupling. There are two possible orientations that
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µs and µl have with respect to each other, ‘parallel’ (lower energy) and ‘anti-

parallel’ (higher energy) meaning that the atomic energy levels split in two,

resulting in what is called the fine structure [50]. The total angular momentum

j of electrons in these energy levels is given by:

j = |l ± s| ; s =
1

2
(2.20)

With the exception of the s-subshell (l = 0), all the subshells exhibit spin-

orbit coupling, resulting in two peaks for a given core level in a photoelectron

spectrum. These peaks will have a specific intensity ratio R due to the

degeneracy of each spin state, which is given by:

R =
2j+ + 1

2j− + 1
, (2.21)

where j+ and j− are the total angular momenta calculated in equation 2.20 by

adding and subtracting the electron spin respectively. The table 2.5 shows the

j values and area ratios for subshells s, p, d, and f . The ∆E of the splitting

increases with atomic number Z, but decreases for larger quantum numbers n.

For example the Si 2p splitting is only 0.63 eV, which often means the Si 2p looks

like a single asymmetric peak when measured at larger analyser pass energies

(see section 3.4). On the other hand, Fe 2p has a large splitting of 13.1 eV for

the same subshell.

Satellites, Plasmons, and Ghosts

Satellite peaks occur when the incident photon source is not monochromatic.

Non-preferential X-ray emission lines that reach the sample generate their own

photoelectrons and because the measured kinetic energy of a photoelectron is

dependant on hv, its corresponding peak appears at a different position in
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Subshell j-values Area Ratio

s 1/2 n/a
p 1/2 3/2 1:2
d 3/2 5/2 2:3
f 5/2 7/2 3:4

Table 2.5. Spin-orbit coupling: j-values vs. sub-peak area ratios

the spectrum. The acquisition software calculates binding energy based on

the primary X-ray emission line and so the satellite peak seems to have a

different binding energy compared to the primary photoelectron peak, when

in fact because it originated from the same core level, it also has the same

binding energy. The intensity of these satellite peaks is weak compared to their

corresponding main peak because the non-preferential X-ray lines that cause

them are also weak. Non-monochromatic lab sources also attempt to attenuate

these non-preferential X-rays using an aluminium window, however some of

them still reach the sample. Thankfully the intensity and energy shifts of these

satellites are well documented and so they can be easily subtracted by analysis

software. It should be noted that PES systems that use monochromatic sources,

such as a synchrotron, do not observe satellites in their spectra.

Plasmon peaks are caused by quantised oscillations in the valence band or

by free electrons in conductors. When a positive core-hole is formed due the

photoemission process (detailed in section 2.2.1), a coupling may occur with the

quantised oscillations of electrons in the valence states, i.e. plasmons [51, 52].

The emitted photoelectron loses energy to these plasmons equal to n~ω where

ω is the oscillation frequency and n is the harmonic order. The oscillation
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frequency is different for the bulk and surface plasmons (i.e. n~ωb and n~ωs

respectively) which results in two series of plasmon peaks for a given core level

in a spectrum. Plasmon loss events are either: intrinsic, meaning that the loss

event happens simultaneously with the photoemission process and is localised

to the atom where the photoemission occurred; or extrinsic, where the electric

field of the photoelectron couples with plasmons whilst travelling through the

material. As an example, diamond has a rich bulk and surface plasmon structure

that appears between 26 eV and 40 eV on the lower kinetic energy side of the C

1s peak [53].

Ghost peaks occur when a non-monochromated X-ray source has an oxidised

anode. As well as producing characteristic X-rays from the main anode material,

O Kα X-rays are also produced with a hv = 524.9 eV. For example, the C 1s core

level when excited by Mg Kα has a kinetic energy of ∼969 eV. However when

it is excited by O Kα, is has a kinetic energy of ∼241 eV (which corresponds to

an incorrect binding energy of 1012.6 eV).

Auger Emission Features

The second most dominant features in photoelectron spectra are Auger peaks

which originate from the emission of Auger electrons. The Auger electron

process for a carbon atom is demonstrated in figure 2.4a and consists of three

distinct steps: (1) a primary photoelectron is ejected from a deep core level

(e.g. K-shell) and leaves behind a positive core-hole. (2) Next, an electron

from a higher energy level (e.g. L1-shell) drops down to recombine with the

core-hole and re-equilibrate the electronic structure. In doing this, the electron

loses energy by emitting a photon with hv equal to the transition energy which

is typically in the X-ray region of the electromagnetic spectrum. This photon
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Figure 2.4. (a) The C KLL Auger emission process (b) The yield of Auger electrons
and X-rays with increasing atomic mass number (calculated for a KLL event). Adapted
from [54]

can be emitted into the vacuum and detected directly, which is the principle

behind X-ray emission spectroscopy (XES). However in the Auger process, this

photon is absorbed by another electron in either the same orbital or a higher one

(e.g. L2,3-shell). (3) This electron now has enough energy to be ejected from

the atom in the form of an Auger electron. For lighter elements, the ratio of

Auger electron yield to X-ray emission yield is much higher, as shown in figure

2.4b, whereas for heavier elements the ratio decreases until X-ray emission is the

more favourable process. An advantage of Auger electrons is they are always

emitted with the same kinetic energy because their excitation source is based

on a fixed transition energy:

Ek = ECore − EB − EC′ (2.22)

where ECore is the binding energy of the principle photoelectron, EB is binding

energy of the recombination electron, and EC′ is the binding energy of the Auger

electron. For the process shown in figure 2.4a, the Auger electron is denoted

C K1L1L2, meaning that the core-hole was generated in the K-shell, the re-
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combination electron originated from the L1-shell, and the Auger electron was

emitted from the L2-shell [50]. There is also a special case for Auger emission

called a Coster-Kronig transition where the core-hole is filled by an electron of

the same shell (i.e. a higher subshell) [55]. Coster-Kronig transitions tend to

occur in heavier atoms where there is a rich core level structure, and so are not

considered in this work.

2.2.8 Quantification

Analysis of photoemission spectra provides a plethora of information about the

surface of a sample. A survey spectrum reveals the elemental fingerprint of the

sample, the intensity ratios of each peak indicates the elemental composition,

and loss features such plasmons can even reveal some structural information.

A high resolution core level spectra can be deconvolved to further determine

the local chemical environment that each element is involved in and determine

stoichiometry. However, before this information can be extracted, a number of

post-acquisition steps must be taken. It helps to first define the contributions of

photoelectron intensity I for a energy level nl (assuming a homogeneous solid)

[39]:

I(nl, Ek) ≈ J(hv) ·Ni · σ(nl, hv) · T (Ek,K) · λ(Ek, θ) (2.23)

J(hv): Incident photon flux which is defined as the number of photons

arriving at a unit area per unit time (cm−2 s−1). An important

parameter to consider when analysing data from a synchrotron where

the photon flux may change substantially for differing photon energies

hv.

Ni: The number of atoms in the sample belonging to chemical species i.

σ(nl, hv): Photoionization cross-section is the probability per unit area per unit
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time (cm−2 s−1) that an electron in an energy level nl will absorb a

photon of energy hv and undergo ionization, as discussed in section

2.2.3.

T (Ek),K: Transmission function of the analyser (see section 3.4) which describes

the transmission efficiency of the analyser for photoelectrons at ki-

netic energy Ek. The factor K accounts for experimental parameters

such as entrance slit size, detector voltage, and pass energy to name

a few.

λ(Ek, θ): Effective attenuation length (see section 2.2.4).

In order to calculate the atomic percentage of elements (or species) in a spectra,

a sensitivity factor S that incorporates all of the non-Ni terms must be defined

and used to normalise the peak intensities. This leaves a series of peaks whose

intensities directly infer the elemental composition [Ni] of a sample. This can

be calculated as an atomic percentage using:

[Ni]at% =

(
Ii/Si∑n
n=i In/Sn

)
× 100 (2.24)

where In and Sn are the intensities and corresponding sensitivity factors for n

atoms/species. Once the [Ni] of all the species in an XPS spectrum are known,

stoichiometry can be determined. For example, homogeneous aluminium oxide

(Al2O3) has the molar ratio Xn of 2:3 (Al:O). The expected atomic percentage

[Ai] of species i would be:

[Ai]at% =

(
n∑
n=i

Xn

Xi

)−1
× 100 (2.25)
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Using equation 2.25, the atomic percentage of oxygen [O] in Al2O3 is therefore:

[O]at% =

(
2

3
+

3

3

)−1
× 100 = 60at% (2.26)

meaning that oxygen’s [Ni] from equation 2.24 should also be 60 at%. It follows

then that the values of [Ni] for elements/species in an XPS spectrum can be

used to determine stoichiometry and the bonding configurations in the sample.

In section 2.2.4, the intensity contribution at different sample depths is

calculated using equation 2.16. This equation is also known as the Beer-Lambert

law and is used to calculate signal attenuation due to absorption, meaning that

this equation can used to calculate the expected intensity from a substrate with

a known overlayer thickness x, or vice versa. Using a single spectrum that

contains core levels related to the substrate and the overlayer allows a thickness

calculation based on the area ratios to be performed. The intensity of the

substrate signal Isub is:

Isub = e−
x
λ · σsub (2.27)

where σsub is the photoionization cross-section of the core level related to the

underlying substrate, and λ is the EAL of substrate photoelectrons travelling

through the overlayer. For the overlayer, the intensity Iover is:

Iover = 1− e−
x
λ · σover. (2.28)

For the work herein, the ratio of C 1s to Fe 2p intensity is used to determine the

thickness of a graphitic overlayer on bulk iron. For a single sheet of graphene,

the ratio IC1s : IFe2p = 1 : 42 [56].
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2.3 Low Energy Electron Diffraction (LEED)

In 1928, Davisson and Germer performed an experiment where low energy

electrons incident on a crystalline nickel target backscattered to produce a

pattern of intensity with regular angular dependance [57]. This pattern had the

same diffraction intensity for X-rays of the same energy, and so the Davisson-

Germer experiment provided the first evidence that confirmed de Broglie’s

theory of wave-particle duality, i.e. that matter exhibits wave-like behaviour

such as diffraction [58]. De Broglie’s relation between wavelength λ and the

kinetic energy Ek of a particle with mass m and elementary charge e is:

λ =
h

p
=

h√
2mEk

=
h√

2meV
(2.29)

where p is momentum, h is Planck’s constant, and V is an acceleration voltage.

For acceleration voltages between 20 V and 200 V, the de Broglie wavelength of

an electron is of the order of angstroms (i.e. around 1�A to 3�A) which is the

typical inter-planar distance of most crystalline materials. The EAL of electrons

in this kinetic energy regime is also very small (see section 2.2.4), again on the

order of angstroms, and so the electrons only interact with the surface region of

the sample. This means that low energy electrons see the surface of a crystalline

solid as a diffraction grating in 2-dimensions. If we consider two electrons that

have been backscattered by two adjacent lattice points on the surface by the

same angle θ relative to the surface plane, they will have a path difference D

between them such that:

D = α sin(θ) (2.30)

where α is the distance between the lattice points. The two electrons will then

interact with each other, destructively interfering when D = (n + 1/2)λ and
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constructively interfering when D = nλ. The diffracted intensity varies slowly

with θ between destructive and constructive interference, reaching a maximum

intensity when the Bragg condition is met at nλ. The incident electron beam

spot size can be anywhere between micrometres and millimetres across, meaning

that a large number of surface unit cells contribute toward electron diffraction

and the LEED spot intensities. Figure 2.5 shows a simulated LEED pattern

and the corresponding real and reciprocal lattice that produced it. The LEED

pattern is a direct image of the reciprocal space of the sample surface, and

therefore can be used to determine the surface structure. However, electron

diffraction requires highly crystalline samples in order to provide a clear sharp

pattern. Non-crystalline regions, dislocations, and point defects all increase

the likelihood of elastic scattering which can contribute a background like the

one represented by the green diffuse green area behind the diffraction spots in

figure 2.5 [59]. However this can also be caused by setting incorrect grid and

mesh voltages, thus allowing secondary electrons to reach the phosphor screen.

Figure 2.5. (a) A simulated LEED pattern showing both diffraction spots, a
background (either elastic or inelastic scattering), and the shadow of the electron gun on
the zero-order spot. (b) The reciprocal space lattice of the sample which directly maps
onto the LEED pattern. There are two lattices here with different periodicities, i.e.
lattice a (a∗1,a∗2) has double the periodicity of lattice b (b∗1,b∗2). (c) The corresponding
real space lattice of the sample, where it becomes clear that lattice a is a (2 × 2)
absorpate on lattice b, an fcc (100)(1× 1) surface.
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LEED as a method of surface analysis did not begin in earnest until the 1960s

when better vacuum technology began to emerge [60]. Figure 2.6 shows an

experimental LEED setup using a rear-view geometry similar to the one used in

the home laboratory. Data is acquired by taking images of the phosphor screen

with a camera, with the grid/mesh voltages optimised to reduce the intensity

of the background and hence improve the contrast of the principle diffraction

spots. With more sophisticated software, the incident electron energy can be

altered continuously whilst a series of diffraction pattern images are taken. The

intensity of single diffraction spots can be plotted with respect to the incident

electron energy to produce LEED I-V (intensity-voltage) curves, which when

compared to theoretical LEED I-V curves, can be used to determine the position

of atoms on the surface or the number of atomic planes in a layered structure

such as graphene.

Figure 2.6. A schematic of a rear-view LEED unit similar to the one used in this
work.
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2.4 Electron Microscopies (XPEEM & LEEM)

Photoemission electron microscopy (PEEM) images the chemical state of the

surface. Areas of differing elemental composition, allotropes, and chemical

species can be laterally resolved with a resolution of nanometres and an energy

resolution of less than 500 meV. In this work, X-ray Photoemission electron

microscopy (XPEEM) is utilised in chapter 7 to measure the lateral extent

of graphene grown using the iron-mediated graphitisation technique. The first

operational photoemission electron microscope was developed and demonstrated

by Ernst Brüche in 1933 [61]. This early set-up focused UV light from a

mercury lamp onto a zinc plate engraved with holes and letters to generate

photoelectrons, which were then subsequently passed through an axially

divergent magnetic field in order to enlarge the image of the zinc plate whilst

maintaining the energy dispersion of the photoelectrons. Using this method,

Brüche was able to image the sample surface with a ×10 magnification [61].

Early PEEM instruments suffered from a poor lateral resolution on the order of

tens of micrometres. Work conducted by Henneberg, Recknagel, Langmuir and

Artsimovich demonstrated the inherent image aberrations induced by uniform

accelerating fields, a limiting factor in the resolution of PEEM [62–65]. It was

found that the image resolution d was proportional to the energy of emitted

electrons E, and inversely proportional to the accelerating potential U near the

surface of the sample, such that

d ≈ E

U
. (2.31)

Vast improvements in the lateral and energy resolution of PEEM were made in

the years after Brüche’s original experiment. Developments included improved

electron optics such as multiple electrostatic lenses (triodes) by W. Schaffernicht
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[66]; the addition of contrast and field apertures to the back-focal plane

to remove diffracted photoelectrons from other emission angles; as well as

characterising other sources of imaging errors such as the spherical error on

the incident beam and diffraction on the imaging aperture by Boersch [67].

Later, significant improvements in UHV-equipment facilitated the production of

more complex PEEM systems with far better resolution limits. Nowadays the

technique is approaching the theoretical limit of emission microscopy, i.e. the

minimum of the electron mean free path curve [68], thanks to electron optics that

can correct for spherical and chromatic aberrations, the theoretical groundwork

of which was developed by Gertrude Rempfer in 1990 [69].

Low-energy electron microscopy (LEEM) was developed alongside PEEM and

other electron microscopies such as transmission electron microscopy (TEM)

and scanning electron microscopy (SEM). This technique involves illuminating

the sample surface with a beam of low-energy electrons which are then diffracted

(see section 2.3) by the sample surface. The backscattered electrons are then

collected by the objective lens and accelerated to high kinetic energies before

entering the imaging optics. Accelerating the electrons for the imaging optics

has the advantage of producing a diffraction image with a constant energy, thus

making LEED-IV curves easier to obtain, as the location of the diffraction spots

does not move when changing the incident electron energy. Furthermore because

the diffracted beams are bent around a beam splitter, the zero-order diffraction

spot (i.e. (00)) is also acquired alongside the nth-order diffraction spots. To

produce a LEEM image, a single diffraction spot is selected at the imaging plane

on the system (i.e. at the contrast aperture, see figure 2.7). Bright-field imaging

selects the zero-order diffraction spot whereas dark-field imaging selects one of

second-order diffraction beams, e.g. a surface reconstruction. This selectivity
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allows LEEM to discern, via contrast differences, various surface structures and

crystallinity, for example terraces, reconstructions, overlayer growth, and phase

changes to name a few. The high intensity of the back scattered electrons

means that images can be recorded in real-time, therefore time-resolved studies

of surface reactions or thin-film growth are possible.

Here, a brief overview of the PEEM/LEEM instrument used in this study will

be presented: the SMART instrument (Spectro-Microscopy with Aberration

correction for many relevant Techniques) at the BESSY II synchrotron (Berlin),

the first PEEM/LEEM instrument to correct for imaging aberrations and

achieve a lateral resolution limit of 2.6 nm (LEEM) [70, 71]. A simplified

schematic of the SMART instrument is shown in figure 2.7. Information

is acquired from the sample surface by two methods: either illuminatation

by electromagnetic radiation (lab source or synchrotron radiation) to induce

photoemission; or a focused high-energy electron beam is sent through a beam

splitter to be directed at a normal to the surface and then decelerated to kinetic

energies between 1 eV to 200 eV to diffract on the sample sample. Photoelectrons

(PEEM) or diffracted electrons (LEEM) from the sample surface are accelerated

toward an objective lens consisting of an electrostatic immersion lens with a

superimposed magnetic field, stigmator, and deflection field. The objective

lens collects the imaging electrons, forming a virtual image behind the sample.

However in the process, it induces chromatic and spherical aberrations which

result in blurring of the image formed at the intermediate image planes (after

the objective lens but before the beam splitter, and after the beam splitter but

before the electron mirror). To resolve this issue, and hence improve the lateral

resolution of the image, electrons from the sample are directed through a beam

splitter towards a concave-convex tetrode electron mirror where chromatic and

37



Chapter 2. Experimental Techniques

Figure 2.7. A simplified schematic of the UE49 PGM SMART instrument at the
BESSYII synchrotron, Berlin. Figure adapted from [72].

38



Chapter 2. Experimental Techniques

spherical aberrations are simultaneously corrected for. The imaging electrons

are then passed back into the beam splitter where they are guided toward

the transfer optics which form a magnified real-space image of the sample

and a de-magnified reciprocal-space image of the diffraction pattern at two

separate positions before the energy filtering optics. Several operating modes

(i.e. imaging modes such as PEEM, LEEM, and Mirror Electron Microscopy,

Dispersive Plane Imaging for XPS, and Diffraction Plane Imaging for LEED) can

be selected by use of a field-limiting aperture at the intermediate image plane

and a contrast aperture at the intermediate focal plane. The imaging electrons

then enter the ‘Omega-filter’ which is the energy filter for photoelectrons (in

PEEM) as well as inelastically scattered and secondary electrons (in LEEM).

The Omega filter creates an energy dispersion ∼15 eV wide at the detector plane.

A slit at the exit plane of the Omega-filter selects the desired photoelectron

energy from the energy dispersed image. For XPS, the full dispersive plane

energy is used by fully opening this slit. Imaging electrons of a specific energy

are then passed onto the projection lens, which form the final image onto a

fluorescent screen placed in front of a 2-dimensional CCD camera. A far-more

detailed description of the SMART instrument can be found in the following

referenced articles [68, 70, 72, 73].

2.5 Raman Spectroscopy

When a photon interacts with matter, it can either be absorbed or scattered.

Absorption occurs when the energy of the interacting photon corresponds to

the energy between some ground state and an excited state of the matter. The

photon is absorbed and the matter now exists in a higher energy state until loss

processes occur to allow the matter to return to the ground state, for example
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by re-emitting a photon or a series of phonons. In the case of scattering, photons

do not have energies which match the energy transitions in the matter. Instead,

the matter is excited into short-lived virtual states in the gaps between energy

levels. These virtual states are not at all stable, and so the photon is quickly

re-emitted. If the energy of scattered photon is equal to the original photon,

then the process is known as elastic scattering (or Rayleigh Scattering in the

case of molecules, see figure 2.8b). This type of scattering predominantly occurs

in the electronic structure of the scattering medium. Electrons are relatively

low in mass, and so any photon energy losses due to distortions of the electron

distribution are negligible. The scattering process is inelastic when the scattered

photon has a different energy to the incident photon; this is known as the Raman

Figure 2.8. Rayleigh and Raman scattering processes. The incident photon λ0 is
scattered by matter, in this case a carbon dioxide molecule, and undergoes elastic
(Rayleigh) and inelastic scattering (Raman). (a) The incident photon is low enough
in energy to be absorbed and promote an electron to a vibrational level. (b) Rayleigh
Scattering. (c) Stokes and (d) Anti-Stokes Raman scattering. Adapted from [74]
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scattering phenomenon, which was first experimentally demonstrated in 1928

by C. V. Raman (from whom the effect is named after) and his colleague K.

S. Krishnan [75]. Figure 2.8 illustrates the Rayleigh and Raman scattering

processes. An incident photon excites an atom or molecule in the scattering

medium to a virtual state. Some of the photons energy is absorbed by the

atom/molecule as vibrational or rotational energy, and hence the scattered

photon is emitted with less energy than the original photon. This energy change

is known as a Stokes shift. After the scattering event, the atom/molecule will

exist in a rovibrational energy level above the ground state (Figure 2.8c). If

the atom/molecule is already in a rovibrational level above the ground state,

then the incident photon can excite the atom/molecule into a higher virtual

state, thus releasing a photon with more energy as the atom/molecules relaxes

to the ground state. This is known as an Anti-Stokes shift (Figure 2.8d). The

Raman effect is extremely weak with only one in 106 to 108 photons undergoing a

Stokes or Anti-Stokes shift. However with modern laser and microscope systems

which can deliver high power densities to micrometer-sized areas, reasonable

Raman signals are routinely achievable albeit at the risk of sample damage and

background fluorescence [76].

Raman scattering is utilised by Raman spectroscopy, a technique used to

determine rovibrational (i.e. rotational and vibrational) modes of molecules and

condensed matter. A Raman spectrum is a plot of the scattered light intensity

versus the inverse wavelength of the scattered photon, i.e. the wavenumber

(cm−1). The wavenumber of a specific vibrational or rotational mode ν̄ is given

by:

ν̄[cm−1] =
1

λ0
− 1

λν
(2.32)
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where λ0 is the wavelength of the incident light and λν is the wavelength of

the Raman scattered light. This wavenumber notation is used because it is

independent of the incident light frequency. For example, the diamond first

order Raman mode occurs at ∼1332 cm−1 for all excitation wavelengths. When

plotted against Raman wavelength, the diamond main Raman line shifts with

excitation energy, e.g. a 572.57 nm Raman shift from a 532 nm excitation, and

691.29 nm shift from a 633 nm excitation. The presence of specific rovibrational

modes in a Raman spectrum provides a ‘fingerprint’ that can be used to identify

the chemical composition of sample. The local atomic environment around a

Raman scattering centre can drastically alter the photon-phonon coupling, and

hence the size, shape, and number of Raman peaks in spectrum. This means

that Raman spectroscopy has a wide range of applicability, from chemical species

identification, determination of crystal structure, the orientation of molecules,

and measuring residual stress in a material. Raman spectroscopy has become

an essential technique in the study of graphene and 2-dimensional materials,

and in the context of this study, Raman data have provided complimentary

evidence of the presence and quality of graphene produced in the iron-mediated

graphitsation experiment outlined in chapter 6.

2.6 Scanning Probe Microscopy

Scanning probe microscopy (SPM) refers to a range of analysis techniques which

use a cantilever with a near-atomically sharp tip to scan a sample and determine

its surface properties. The field of SPM began in earnest with the development of

scanning tunnelling microscopy (STM) by Binnig et al. in 1982, and later atomic

force microscopy (AFM) in 1986. Since then, a plethora of SPM techniques have

emerged that probe different surface properties from topography, to friction
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coefficients, to charge distributions. SPM’s main advantage is that it is not

subject to an optical diffraction limit like standard microscopes, but rather the

probe-sample interaction volume which is on the order of picometres, meaning

that the resolution of SPM techniques is far superior. SPM probes are typically

mounted on a silicon chip and consist of a micrometre scale long silicon cantilever

with a near-atomically sharp tip (∼50 to 0.1 nm tip radius) perpendicular to the

cantilever on one side, and have a thin layer of reflective material on the other.

The tip side can also be coated with a conductive material such as platinum

for techniques such as electrostatic force microscopy (EFM) and STM. For the

purpose of this report, only AFM will be discussed as it is the most pertinent

SPM technique to the project in hand. AFM measures the atomic forces that

manifest between the sample surface and the tip; this information is typically

interpreted as the topography of the sample surface. Binnig et al. were able to

resolve forces as small as 10−18 N with a lateral and vertical resolution of 30�A

and 1�A respectively using their atomic force microscope. Today’s AFMs have

far improved lateral resolution, and when operated in low voltage modes, can

resolve single atoms on a sample surface. Figure 2.9a illustrates the AFM setup

on a sample with a varied topography. The sample is attached to a piezoelectric-

controlled xy-stage, and the AFM tip is mounted onto a motor driven z-stage

with a piezoelectric element to control the vertical deflection of cantilever to

angstrom resolution. As the cantilever approaches within 100 nm of the sample,

the tip begins to bend toward the surface due to attractive van-der-Waals forces

that are spontaneously formed as the surface atoms polarise in proximity to the

AFM tip. At this sample-tip distance, non-contact measurements are taken as

shown by figure 2.9d. As the tip is forced closer to the sample, to within a few

angstroms, it enters a regime where exchange interactions due to the overlap of

atomic orbitals dominate. These interactions manifest as a large repulsive force,
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Figure 2.9. The AFM process. (a) The cantilever/PSPD/computer feedback system.
(b) A topography over which the AFM tip is being scanned. (c) The tip rasters across
the surface and responds to the changes in topography. (d) Different modes of AFM
are required for differing set points above the sample.

which bends the cantilever away from the surface. Due to the very small sample-

tip distance, contact measurements are taken in this regime. To determine the

amount of cantilever bending, a laser is shone on to the end of cantilever and

the reflected beam is detected by position-sensitive photo diode (PSPD). Any

vertical or horizontal deflection of the cantilever causes the laser spot on the

PSPD to move in the corresponding directions. The AFM tip is quickly scanned

across the sample in one direction, and at discrete steps the signal from the

PSPD is interpreted by a computer to give the sample height at a given point.

The tip is also slowly scanned in the perpendicular direction and rasters across

the surface, slowly building up an image of the sample topography as it goes.

AFMs can be operated in contact and non-contact modes depending on the

sample being analysed, for example soft easy-to-damage biological specimens or

polymers benefit from non-contact modes to avoid the tip piercing or scratching

the sample. In contact mode, the cantilever deflection is kept constant by moving

the cantilever up and down as it traverses the sample. Changes in the cantilever
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deflection cause a signal change on the PSPD which feeds back to the z-stage

piezoelectric element and adjusts the cantilever height accordingly. In non-

contact mode, the z-stage piezoelectric element vibrates the cantilever at its

resonant frequency. Here it is the cantilever oscillation that is kept constant;

any change in the cantilever oscillation due to atomic forces is detected and

corrected by altering the cantilever height accordingly. Both modes produce a

topography image of the sample surface, as well as some lateral force and error

signal data which can be used in other analysis methods (i.e. lateral force is

used in lateral force microscopy to measure friction coefficients on the nanometre

scale). In this work, contact and non-contact probes have been used to gather

surface topographies of diamond substrates and graphene-iron-diamond samples

respectively.
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Instrumentation

The research presented in this thesis would not have been possible were it not

for the plethora of instrumentation available to apply the techniques discussed

in chapter 2; table 3.1 summarises the numerous instruments and facilities used

for this work. Some instrumentation for minor techniques has already been

addressed in the previous chapter. The home laboratory UHV system and

synchrotron beamlines contributed the majority of data, and so this chapter will

explore the Aberystwyth UHV system, the variety of photon sources used for

photoelectron spectroscopy including synchrotron radiation, and the operation

of the hemispherical analyser which is vital to photoelectron techniques.

Instrumentation Techniques Institute / Location

Aberystwyth UHV System* REES, XPS, UPS, LEED IMPACS, Aberystwyth, UK
Kratos Axis Ultra DLD* XPS NPL, Teddington, UK
SGM3 Beamline† ARPES ASTRID2, Aarhus, Denmark
SMART Beamline* PEEM, LEEM, LEED, XPS BESSY, Berlin, Germany
Horiba LabRam HR800* Raman Spectroscopy IMPACS, Aberystwyth, UK
Park Systems XE-100* AFM IMPACS, Aberystwyth, UK

Table 3.1. A list of instrumentation used in this work* and previous relevant studies†
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3.1 Aberystwyth UHV System

The majority of the work presented in this thesis was conducted in the home

laboratory in Aberystwyth, using a bespoke UHV system built as part of a

previous EPSRC project. This system consists of four stainless steel / Mu-metal

chambers pumped by turbo-molecular and getter pumps, with each chamber

equipped with various surface treatment and analysis apparatus.

The Analysis Chamber (“REES”) The Aberystwyth UHV system is

primarily a photoelectron spectrometer, and also has the capability of measuring

spectra in real-time, parallel to in-situ processes such as heating or thin-film

deposition. This technique is known in the home laboratory as real-time

electron emission spectroscopy (REES). Data acquisition takes place in the

analysis chamber or “REES” chamber, named for the aforementioned primary

technique of the system. This spherical chamber has a SPECS PHOIBOS 100

hemispherical analyser coupled with a twin-anode X-ray source and a UV source

(see sections 3.2.1 and 3.2.2 respectively), allowing both XPS and UPS/ARPES

analysis. Samples are positioned manually with a vertically mounted xyzθ

manipulator with a sample stage that includes a Boralectric BN/graphite heater

plate (See section 3.3.1). In line with the hemispherical analyser on the opposite

side of the chamber is a rear-view LEED unit to determine sample crystallinity.

Helium leak testing and identification of outgassing species is achieved by a

residual gas analyser (mass spectrometer) mounted above the UV source. The

REES chamber also has two home-made Knudsen cells for depositing iron

and silver in-situ which can be used during REES measurements to determine

overlayer thickness. The K-cells are collimated to prevent material depositing

on the X-ray source or analyser entrance cone, and they have a shutter assembly

for precise deposition times. During normal operation, the REES chamber
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is continually pumped by an ion pump and periodically pumped by titanium

sublimation pump (TSP), resulting in a base pressure of ∼5× 10−11 mbar; such

a low base pressure preserves the sample surface condition for days as detailed

in section 2.1.2. Figure 3.1 shows a top-down view of the REES chamber with

the aforementioned components.

The Preparation Chamber Samples loaded into the Aberystwyth UHV

system from the fast load lock are passed into the cylindrical preparation

chamber where they can undergo surface treatments before being loaded into

the REES chamber. The preparation chamber has an xyzθ manipulator and

sample heating stage similar to the REES chamber as well as an additional

sample stage below the heater which has a hole-matrix mask for patterned

deposition. Another series of homemade K-cells are mounted in this chamber for

depositing iron and gold. The iron K-cell on the preparation chamber, contrary

to its analysis chamber counterpart, is mounted on a linear drive mechanism

behind a gate valve and has its own pumping port allowing it to be transferred

between different chambers and UHV systems (see section 3.3.2). Unlike the

analysis chamber, quartz crystal thickness monitors are positioned opposite the

K-cells for determination of the deposition rates. For cleaning and sputtering of

samples, a PHI model 20-005 ion sputter gun is used in conjunction with a back-

filled environment of ∼10−5 mbar argon to produce Ar+ ions. The preparation

chamber has many additional ports for mounting new K-cells, valves, surface

treatment apparatus, etc. The main system turbo-molecular pump is attached

to the preparation chamber behind a large gate valve. This pump brings the

entire system to UHV after venting and pumps away water and contaminants

during a bake-out. During normal operation it is valved off from the system, and

the preparation chamber’s own ion pump / TSP assembly brings the pressure
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Figure 3.1. A top-down schematic of analysis chamber (“REES”) of the Aberystwyth
UHV system showing the location of the various photon sources, evaporation cells,
and analysis tools available. The manipulator (not shown) is bolted to the top of the
chamber with the z-direction into the page. The other manipulator axes are shown at
the bottom. This schematic is not to scale.
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down to that of the REES chamber. Magnetic arms from the fast load lock and

plasma chamber meet in the preparation chamber, and samples are transferred

from one arm to the other via the preparation sample stage.

The Plasma Chamber Surface treatments involving the use of plasmas take

place in the plasma chamber, of course. This chamber is attached to the transfer

chamber and the main magnetic arm of the system, which is used to move

samples into the REES chamber. Pumping is achieved by a turbo-molecular

pump and pressure is measured using a cold cathode vacuum gauge. Samples

can be heated by close proximity to a 50 W tungsten filament which is attached

to linear drive electrical feed-through. Process gases are bled into the chamber

by use a VG precision leak valve, allowing selection of the optimum partial

pressure for plasma generation.

The Load Lock The fast-entry load lock provides access for introducing

samples into the UHV system. The load lock is attached to the transfer chamber

and separated by a gate valve. The load lock can be vented to atmospheric

pressure, either via a screw valve (to laboratory air) or using dry N2 gas via the

plasma chamber gas line. The latter method is preferable as it avoids introducing

H2O into the system which over consequtive vent-purge cycles, would increase

the base pressure of the entire system. The load lock is pumped by a turbo-

molecular pump and pressure measurement is given by a Penning gauge. Due

to the frequency at which the load lock sees atmosphere, the ultimate pressure

never exceeds 5× 10−7 mbar, and transfer of samples is usually performed at

pressures less than 1× 10−6 mbar. Functionally, samples are passed into the

transfer chamber and undergo pre-treatments before moving into the REES

chamber. The separation of the load lock and the REES chamber means that

contaminants from the venting process do not reach the REES chamber.
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3.2 Photon Sources

3.2.1 Twin-anode X-ray Source

Production of soft X-rays in the home laboratory is achieved by use of a Thermo

VG Scientific twin anode X-ray source, which is shown by the schematic in figure

3.2. In this source, electrons are generated by thermionic emission from a hot

thoria-coated tungsten filament. These electrons are then accelerated toward

Figure 3.2. A schematic of a typical twin-anode X-ray source. The filament array
is consists of two separate filaments with a common ground, and are arranged such
that electrons are only thermionically-emitted on the side which has the selected anode
target (although some anode cross-talk is expected). The centering ceramics ensure
that the high voltage anode is isolated from the grounded components of the gun.
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one of two target anodes with a potential of 15 kV relative to the filament and

ground. When the electrons strike the anode material, X-rays are generated by

either the Bremsstrahlung process or, from allowed electronic transitions giving

rise to characteristic emission lines. The laboratory source uses magnesium

and aluminium anodes, which are the most common anode metals emitting

characteristic Kα1−2 X-rays at 1253.6 eV and 1486.6 eV respectively; these

energies arise from the 2p3/2, 2p1/2 → 1s electronic transitions. Figure 3.3 shows

the characteristic emission lines from a non-monochromated Mg anode source,

same as the laboratory source. The main Kα1−2 line, which is Lorentzian

in nature, is approximately 0.7 eV for Mg and 0.9 eV for Al as calculated by

Figure 3.3. The X-ray emission spectrum of a magnesium anode, showing X-rays
emitted by electrons transitioning from p-orbitals (i.e. L1, L2, L3, L4) to the s-orbital
(i.e. K). The dots show the emission spectrum as acquired using a PAX spectrometer,
the solid lines show the theoretical emission lineshapes, and the horizontal broken line
represents the average background. Figure reproduced from M.Krause & J. Ferreira
(1975) [77].
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fitting a Voigt-like peak to Ne 1s core levels [77]. Other X-ray energies emitted

from the anodes, such as the Kα3−4 characteristic transitions have intensities

of ∼8 % to 4 % of the main Kα1−2 line after attenuation using an aluminium

window [78]. Regardless, use of non-monochromated sources typically requires

processing of acquired data to remove satellite and cross-talk features arising

from these secondary emission lines.

Monochromated Al Kα source

At NPL, a Kratos Axis Ultra with monochromated Al source was used for

one XPS experiment in chapter 7. In this set-up, electrons generated using an

electron gun are accelerated toward the Al target, generating the characteristic

Al Kα1−2 X-ray emission lines and Bremsstrahlung continuum. The radiation

is then diffracted through a curved quartz crystal which allows the X-ray beam

to be monochromated and focused on to the sample. The monochromator

geometry is adjusted such that the Bragg condition to allow only the Kα1−2

emission lines to be incident on the sample is satisfied. The curvature of the

quartz crystal focuses the beam into a spot size of 300 µm by 700 µm. The

advantages of monochromated sources include a decreased background due to

Bremsstrahlung, narrower photoelectron peaks (Gaussian broadening becomes

dominant), a smaller X-ray spot size, and a lack of satellite peaks, all at the

cost of much lower count rates compared to the non-monochromated source.

3.2.2 Ultraviolet Source

For probing the density of states in the valence band, a lower energy source

in the UV range is required. In the home laboratory, vacuum ultra-violet

(VUV) radiation was provided by a SPECS UVS-300 Helium plasma source

which enabled a choice of two photon energies corresponding to the emission
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lines of He Iα and He IIα (21.2 eV and 40.8 eV respectively). Figure 3.4 shows

a simplified schematic of the UVS-300 source. The UVS-300 source operates

by accelerating thermionic electrons from a cathode filament (between 18 A to

22 A) along the lines of a strongly inhomogeneous magnetic field toward an anode

(between 1 A to 3 A at 40 V to 150 V), where high purity He gas is leaked into

a small discharge region. The electrons collide with the He atoms resulting in

core level ionization producing an intense and highly dense plasma which emits

very stable and intense VUV radiation. The VUV radiation is extracted on the

cathode side by combination of a metal and quartz capillary. The path between

the discharge region and the capillary is differentially pumped, and a micro-

valve (i.e. the capillary valve) opens the plasma up to the analysis chamber

Figure 3.4. A simplified schematic of the UVS-300 source. The plasma opetates at
∼300 W and produces a significant amount of heating which is extracted by a Cu water
cooling system. The UVS-300 produces a small spot size on the sample (∼2 mm) and
provides a maximum photocurrent of 200 nA (measured on Au). Figure reproduced
from SPECS GmbH [79].
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allowing the plasma to emit VUV closer to sample stage and thus improve

photoelectron intensity. The VUV radiation is emitted with high spectral purity

(>2× 1016 s−1 sr) with the non-He lines contributing less than 0.2 % of the He

I emission line, and the source has an adjustable He I/He II emission ratio

depending on the discharge current and gas pressure [80].

3.2.3 Synchrotron Radiation Facilities

Some of the work conducted in this thesis required monochromated and tunable

photon sources with high brilliance, or techniques that could not be performed in

the home laboratory, for example ARPES studies or photoelectron microscopy.

For these experiments, it was necessary to utilise radiation from a synchrotron.

In short, synchrotron radiation is emitted when a charged particle travelling

at relativistic speeds undergoes a radial acceleration. The theoretical basis for

synchrotron radiation was developed soon after the discovery of the electron

by various physicists: A. Lienard derived an expression for the radiated power

emitted by electrons moving in a circular path, and G. A. Schott studied the

emitted radiation for rings of moving electrons in a magnetic field [81, 82]. The

first experimental observation of synchrotron radiation was accidentally made

in 1947 by Pollock et al. when they observed ‘an arc in the vacuum tube’ of

their synchrotron [83]. Although initially the flash of light was thought to be

Cerenkov radiation, they later agreed that it was energy loss due to radiating

electrons, as detailed in 1944 by Ivanenko and Pomeranchuk [84]. Synchrotron

radiation was initially regarded as an unwanted loss of energy in synchrotrons

whose purpose was, ironically, to generate X-ray by focusing high kinetic energy

electrons onto a suitable target. The first generation of synchrotron facilities

were primarily used for high-energy and nuclear physics, and the ‘unwanted’

synchrotron radiation was used by a few parasitic beamlines. It wasn’t until
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1981 that users of synchrotron radiation had a dedicated facility in the form

of the 2 GeV Synchrotron Radiation Source (SRS) at Daresbury, UK, the first

of the second generation synchrotrons [85]. The modern third generation of

synchrotron radiation sources are defined by their extremely high brilliance and

use of insertion devices to produce radiation along the straight sections the

synchrotron storage ring. Figure 3.5 shows a simplified schematic of a modern

3rd generation synchrotron source. A regular source of electrons is generated

by thermionic emission from a hot filament in an electron gun, and are then

accelerated using a linear accelerator (Linac) to energies on the order of MeV.

New free electrons are generated regularly to replenish those lost due to collisions

with the walls of the synchrotron and residual gas particles. The linac injects

electrons into a booster ring where they are accelerated to the same energy as

the storage ring, typically several GeV. The booster ring will then regularly

inject electrons into the storage ring in a quasi-continuous manner known as

‘top-up mode’, therefore maintaining an average stored current. Electrons

move around the storage ring near the speed-of-light in ‘bunches’, confined

to a closed path by the ‘magnet lattice’. There are three types of magnets

used in a synchrotron: dipole or bending magnets which change the direction

of the electrons; quadrupole magnets focus the electron beam to account for

Coulombic replusion which constantly acts to de-focus the beam; and sextupole

magnets which correct for chromatic aberrations induced by the quadrupole

magnets. Electrons in the storage ring will gradually lose energy, degrading their

orbits and therefore causing them to move toward the inner wall of the storage

ring. To prevent this, a regular radio frequency (RF) boost is supplied to the

electrons at every pass, providing enough energy to keep their orbit stable. This

periodic RF also maintains the distance between the electron bunches therefore

preserving the storage ring synchronicity and improving the lifetime of the beam
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Figure 3.5. A simplified schematic of a modern-day 3rd generation synchrotron source.
Figure adapted from Willmott (2011) [85].

current. Finally, the experimental beamlines are positioned around the outside

the storage ring, either along the straight-sections after insertion devices, or

tangentially at the dipole bending magnets. Of the work presented herein, data

from two main synchrotron sources is reported. In chapter 5, ARPES data of

diamond surfaces is reported which was obtained from the SGM 3 beamline

at the ASTRID synchrotron at the Centre for Storage Ring Facilities, Aarhus

(ISA) [86]. An undulator insertion device produces synchrotron radiation which

is then guided by vertical and horizontal focusing mirrors through an entrance

slit such that it is grazing incident on a spherical gating monochromator. The

horizontal mirror can also switch the beam path to other beamline serviced by

the same undulator. The spherical monochromator allows a range of energies

from 14 eV to 130 eV by switching between three single period crystal gratings.
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The radiation then passes through an exit slit, a final toriodal focusing mirror,

and through a small 300 µm pinhole slit to generate a 1 mm (horizontal) ×

0.5 mm (vertical) spot size at the sample focal point. In chapter 7, LEEM

and XPEEM data of catalytically-grown graphene on SiC surfaces is reported

which was obtained from the UE49 PGM SMART beamline at the BESSY

II synchrotron, Berlin [71]. Synchrotron radiation with a high flux density is

produced using an elliptical undulator insertion device which can induce linear

or circular polarisation. The light is guided by a series of vertical/horizontal

focusing mirrors into a plane grating monochromator (PGM) which allows a

range of energies from 100 eV to 700 eV to be selected. After passing through

the PGM exit slit, the beam is focused onto the sample by a final X-ray mirror

to produce a spot size of 10 µm (horizontal) × 5 µm (vertical). The SMART

instrument is capable of a lateral resolution of 2.6 nm (LEEM) and 18 nm

(energy filtered XPEEM), as well as an energy resolution of 180 meV in XPEEM

mode. More minute details of the two beamline end stations mentioned here

can be found in reference [86] for ASTRID’s SGM 3 and references [71, 72] for

BESSYII’s UE49 PGM SMART.

Fundamentals of Synchrotron Radiation

In the first instance, charged particles emit electromagnetic radiation when

accelerated, as the electric field manifested by the charge undergoes pertur-

bations which radiate outwards at the speed of light. Radiation emitted from

television and radio antennae is produced in this way, as the electrons in the

metal are oscillated at a given frequency to generate the carrier wave for the

signal. Free electrons in an particle accelerator will also emit radiation and

continuous acceleration, like that experienced along a circular orbit, will result

in continuous emission of radiation, as shown in figure 3.6. When the electron
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Figure 3.6. Electrons moving in a magnetic field (into the page) emit radiation due
to their acceleration. The radiation distribution is (a) isotropic when v << c, (b) a
dipole when v is some fraction of c, and (c) entirely focused forward when v ∼ c, i.e.
at relativistic speeds. This is known as ‘synchrotron radiation’.

velocities are much smaller than the speed of light (v << c), this radiation

is emitted isotropically. Electrons moving at some small fraction of the speed

of light (v < c) will emit radiation in a toroidal distribution along the axis

of movement, i.e. tangential to the electron orbit. As the electrons begin

to move at relativistic speeds (v ∼ c), the emitted radiation radiates in a

narrow cone in front of electron pointing tangentially to the path of motion,

like a sweeping spotlight. The angular divergence θ of synchrotron radiation is

inversely proportional to the dimensionless Lorentz factor γ such that

θ ∼ γ−1 =
mc2

Ek
(3.1)

where Ek is the kinetic energy of the electrons in the accelerator and mc2 is the

rest mass-energy of the electron equal to 511 keV. As the electrons turn into the

line-of-sight of an observer on the tangent (i.e. the experimental end station),

they will see a huge relativistic Doppler shift as the distance between the

radiation wavefronts is relativistically compressed. In comparison, an observer

at any other position in the electrons orbit will see the relativistic compression

quickly reduce as the angle θ between the observers line-of-sight and the electron

velocity factor becomes larger than 1/γ.
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3.3 In-situ Surface Processing

3.3.1 Sample Heating

In the home laboratory, both the analysis and preparation chambers have

sample stages for holding samples during in-situ processing or measurements.

Both sample stages have integrated Boralectric heaters capable of reaching

temperatures of 1200 ◦C. Boralectric ceramic heater stages consist of a pyrolytic

graphite filament encased within a pyrolytic boron nitride (pBN) shell, and

produce heat by resistive heating up to a maximum current of 8 A. The pBN

shell means the heaters are dielectric, chemically inert, and UHV compatible,

although at temperatures above 900 ◦C, the chamber pressure increases rapidly

as the pBN begins to significantly outgas hydrogen. The Boralectric heaters

have a fast heating rate, and are capable of reaching 1000 ◦C in less than 15 s.

Practically however, sample and heater stage outgassing almost always restricts

the heating rate as the chamber pressures should not exceed 10−7 mbar. Cooling

rates at high temperature are rapid, which is important for quenching catalytic

reactions and thermally-driven chemical processes, however cooling rates below

250 ◦C are very slow, often requiring in excess of 30 min to reach an acceptable

measurement temperature.

3.3.2 Knudsen Cell for Metal Deposition

A simple home-made Knudsen cell (K-cell), similar to the one illustrated in

figure 3.7, was utilised to deposit pure iron onto samples in vacuo. The basic

design consists of three components: the electrical feed-through, the cooling

jacket, and the Knudsen effusion cell. An extra conflat port allows the cell to

be pumped down separately behind a vacuum gate valve, thus allowing the K-

cell to be moved between multiple UHV chambers as required. The effusion
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cell itself consists of an alumina (Al2O3) ceramic crucible which is heated by

a tantalum wire filament. The filament array wraps around the crucible in a

raster-like pattern with each section of the wire electrically isolated from its

neighbour by twin-bore alumina ceramics. Typically one of these ceramics is

reserved for a K-type thermocouple, the junction of which is placed in contact

with the crucible to provide an internal temperature monitor. The effusion cell

is wrapped in a stainless steel or tantalum shroud to hold it together, provide

some collimation to the material beam, and function as a radiative heat shield.

The cell is supported by a stainless steel threaded rod attached to a CF40

electrical feed-through, and the tantalum filament is spot-welded directly to the

feed-through. If carefully constructed, the completed K-cell should register a

resistance of ∼3 Ω on the atmosphere side of the feed-through.

Once a K-cell is mounted in UHV, it will typically need conditioning and

calibrating before regular use can occur. A brand new or recently vented K-cell

Figure 3.7. A homemade Knudsen cell. a) a simplified schematic of a K-cell
highlighting the key features. The red outlined inset shows a cutaway of the bottom of
the alumina crucible. b) a photograph of a completed K-cell. The black scale bar is
equal to 10 mm (in-focus).
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will require baking at 120 ◦C whilst the filament is hot to drive off water and

other atmospheric containments from the K-cell components and surrounding

vacuum port. In the case of iron and other oxide forming metals, several

deposition cycles are also required to fully remove atmospheric contaminants

before high purity deposition can be achieved. A bakeout is usually sufficient

to obtain high purity deposition from a K-cell, but a cooling jacket can also

be utilised if the filament is expected to be operated near high-temperature

incompatible components, such as Viton gasket seals in a gate valve. During

operation of a well-baked metal-depositing K-cell, the chamber pressure should

not exceed 10−9 mbar.

3.4 Hemispherical Photoelectron Analyser

Electrons have proven to be an outstanding analysis tool due to their strong

interaction with matter and, most importantly, they are easy to manipulate

and detect experimentally. Energy analysis of charged particles can be

achieved by many methods, including resonant collision phenomena, time-of-

flight measurements, retardation by a potential gradient, and dispersion in a

deflecting electric field [87]. Photoelectron spectroscopy analysers have used the

latter two principles in various designs and geometries from toroidal deflection

analysers, plane and cylindrical mirror analysers, and hemispherical analysers.

For this work, hemispherical analysers (HSAs) were exclusively used; as stated

in section 3.1, the Aberystwyth UHV system utilises a SPECS PHOIBOS 100

hemispherical analyser [88] for XPS/UPS studies. Figure 3.8 shows the design

of an HSA and the typical path that electrons take through the analyser to the

detector. The photoelectrons pass through three key components of the analyser

on their way to detection: the lens system, the deflection hemispheres, and the
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Figure 3.8. A simplified schematic of a HSA with photoelectron trajectories from
the sample to the detector array. Photoelectrons with kinetic energies near the pass
energy Ep will make it past S2 into the detector array, whereas photoelectrons with
much higher or lower energies approach the outer or inner hemispheres respectively.

detector. The lens system consists of an array of electrostatic lenses which alter

the path of photoelectrons travelling toward the deflection hemispheres. These

lenses are responsible for: defining the analysis area and solid acceptance angle

on the sample; imaging the sample plane on the hemisphere’s entrance slit S1;

and most importantly, retarding or accelerating the photoelectrons to the pass

energy Ep before they enter the deflection hemispheres. The lens system can

be operated in various modes depending on the sample and required analysis.

For example when measuring low kinetic energy electrons during UPS, the lens

system can be set to an acceleration mode which accelerates the photoelectrons

in the first section of the lens system to avoid disturbance by stray magnetic

fields and increase overall count rate.
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After the lens system, the photoelectrons pass through S1 into the deflection

hemispheres. The SPECS PHOIBOS 100 has a mean radius R0 of 100 mm on

which the entrance slit S1 and exit window S2 are centred. The inner Rin and

outer Rout hemispheres have a radius of 75 mm and 125 mm respectively. A fixed

electric field gradient is applied between the outer and inner hemispheres which

causes the photoelectrons entering through S1 to disperse as they travel around

the hemispheres. Photoelectrons with a lower kinetic energy move toward the

inner hemisphere whereas those with a higher kinetic energy move toward the

outer hemisphere. Any photoelectrons with kinetic energies equal to the nominal

pass energy Ep will travel around the hemispheres in a circular path with radius

equal to R0. The pass energy Ep is calculated using:

Ep = −ek∆V (3.2)

where e is the elementary charge, ∆V is the electric potential across the two

hemispheres, and k is the analyser calibration constant where

k =
RinRout

2R0(Rout −Rin)
= 0.9375. (3.3)

The pass energy is an important parameter to consider when acquiring a

spectrum as it has a direct effect on the energy resolution and intensity of

the photoelectrons measured at S2. A larger pass energy heralds a greater

transmission of photoelectrons but energy resolution suffers; a survey scan

benefits from a larger pass energy where peak identification and intensity are

required. On the other hand, a smaller pass energy improves energy resolution

at the expense of reduced transmission; core level analysis uses smaller pass

energies so that multiple components in a core level peak can be resolved. The
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ultimate energy resolution ∆Eanalyser (or FWHM) of transmitted photoelectron

intensity measured at S2 is given by:

∆Eanalyser = Ep

(
W1 +W2

4R0
+
α2

4

)
(3.4)

where W1 and W2 are widths in the energy dispersive direction of S1 and S2

respectively, and α is the half-angle dispersion of the photoelectron beam at

S1. The pass energy can either be fixed or variable depending on whether

the analyser is being operated in Fixed Analyser Transmission (FAT) mode or

Fixed Retard Ratio (FRR) mode. In FAT mode, the pass energy is fixed, which

according to equation 3.4 means that the analyser resolution is independent

of kinetic energy. Conversely in FRR mode, the pass energy is varied so that

all photoelectrons are decelerated by a fixed ratio with respect to their kinetic

energies, meaning energy resolution decreases with increasing kinetic energy.

The chosen mode also changes the transmission function of the spectrometer,

i.e. the efficiency at which the analyser transfers photoelectrons with differing

kinetic energies to the detector. For SPECS analysers, the transmission function

roughly obeys the following rules (with a E−0.7k correction factor to account

for the energy dependent escape depth of photoelectrons from the sample): in

FAT mode, the photoelectron intensity is proportional to Ek
−1 [89] whereas

in FRR mode the intensity is directly proportional to Ek [90]. For Auger

emission spectroscopy (AES), the FRR mode is preferable because the intensity

from lower kinetic energy electrons is approximately equal to the higher kinetic

energy electrons. However for this work which predominately used XPS/UPS,

it was necessary to maintain the same energy resolution across all measured

photoelectron features and therefore FAT mode was exclusively used.
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When the photoelectrons arrive at the exit window S2, they have an energy

dispersion ∆Ek in the energy dispersive plane and, depending on the lens

mode used, a real-space or angular dispersion in the orthogonal plane. A

photoelectron’s energy deviation from Ep is determined as a function of lateral

position ∆x with respect to the S2 centre such that

∆Ek = D∆x (3.5)

where D is the dispersion factor in eV mm−1 (or eV per pixel in the case of

CCDs). The photoelectrons then pass through the exit window S2 and enter

the detector array. The methods of photoelectron detection have advanced

drastically since the first spectrometers thanks to the invention of three

key technologies: the position sensitive detector (PSD), the charge-coupled

device (CCD) image sensor, and the micro-channel plate (MCP). Before these

advancements, photoelectron analysers typically had an exit window with a

single electron multiplier tube (or channeltron) mounted behind it. This means

that the analyser voltages were scanned such that only photoelectrons of a given

energy (i.e. the pass energy Ep) will traverse the deflection hemispheres and

reach the channeltron at a given time. It was quickly realised that this method

is highly inefficient because photoelectrons that do not have kinetic energies

equal to Ep are lost at the exit window, despite the fact their kinetic energies are

known according to equation 3.5. Manufacturers began increasing the number

of channeltrons either side of the first in order to capture more of the energy

dispersion. Some manufacturers still offer this design of detector, for example

the SPECS PHOIBOS analyser can be equipped with five or nine channeltrons

across the dispersive plane of the analyser [91]. Single channel detectors can

only acquire photoelectrons from ∼7 % of the available energy window at any
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one time, whereas PSDs can sample at least 80 % of the energy dispersion,

heralding an order of magnitude improvement [92].

PSDs are able to spatially resolve the electron dispersion at the exit window

both in the energy [93] and non-energy dispersive directions [94]; they allow

for 2-dimensional detection. PSDs which exclusively measure along the energy

dispersion direction typically consist of discrete channels connected to a discrim-

inator and electron counting hardware. In this geometry, greater resolution of

the photoelectron dispersion is achieved by increasing the number of channels

across the acquisition window. The issues of cross-talk, noise, and hardware

geometry have largely been solved by researchers from the Aberystwyth Physics

Department and collaborators [95–97]. Whilst 2-dimensional PSDs are possible,

a far more simple solution relies on an indirect method of counting electrons.

Photoelectrons passing through S2 can be converted into photons using a

phosphorescent screen and recording the light intensity using a CCD camera.

The CCD was invented by Boyle and Smith in 1969 who then published a paper

on the concept in 1970 [98]. The CCD was then experimentally verified by

Amelio et al. shortly after [99]. The subsequent impact that CCDs had to

industries and academia that relied on imaging cannot be understated. A CCD

consists of an array of Metal-Oxide-Semiconductor (MOS) capacitors which

are photosensitive and therefore generate charge (by electron-hole generation)

proportional to the number of impinging photons, i.e. the intensity. Once the

capacitors have been exposed to a light array, a shift register is used to transfer

the charge packets along their respective rows into their neighbouring capacitors.

Charge packets at the end of the rows are transferred into a perpendicular

capacitor column which then passes the charge packets into an amplifier and
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are then converted into a digital signal. This process, often referred to as a

‘bucket brigade’, is repeated until all the charge packets in the array have been

measured, indexed, and converted into an image file. The phosphor screen and

CCD configuration is capable of 2-dimensional measurement. The number of

channels in the energy dispersive direction (and hence the resolving power) is

significantly increased as it is dependent on the number of pixels on the CCD

(see equation 3.5). The PixelFly CCD camera on the Aberystwyth PHOIBOS

analyser has a window size of 500 × 500 pixels. Most importantly, it has a

large dynamic range which means strong and weak photoelectron signals can

be captured in the same acquisition without the weaker signal being lost in the

noise.

The number of photoelectrons generated at the sample is usually quite low and so

applying some gain to the signal is necessary. Amplification of the CCD output

is not possible as this will increase the background noise as well. Using the

same process as the channeltron, the number of electrons reaching the phosphor

screen can be increased by using a chevron (or V-stack) MCP. An MCP consists

of a 2 mm thick plate with a densely-packed array of channel electron multiplier

(CEM) tubes which are parallel to each other but angled ∼8 % with respect

to the plate. The plate itself is usually made from a highly resistive material

which is then treated to produce a surface which can generate a large number

of secondary electrons. The microchannel surfaces must also be semiconducting

enough that a large voltage (∼1.5 kV to 2 kV) will compensate the lost electrons.

As energy dispersed photoelectrons from the deflection hemisphere enter the

CEMs, they collide with the walls and generate a cloud of secondary electrons

that cause a cascading effect. The gain of a single MCP is limited between 103

and 104 due to the ion feedback phenomenon where ionised residual gas particles
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and adsorbates are accelerated toward the input side of the MCP, therefore

causing another cascade event. These secondary electron cascades disturb the

measurement and can lead to a permanent glow-discharge effect which destroys

the MCP over time. In the chevron configuration, two MCPs are placed back-

to-back with their CEM tubes angled in opposite directions, such that the tilt

angle is 0°. This configuration acts as an ion trap which considerably reduces

the effects of ion feedback and boosts the electron multiplication factor range

to between 106 and 107 per stack, with individual CEM tubes being charge

compensated in less than 100 ps [100]. Furthermore, this configuration preserves

spatial distribution of photoelectrons (in both the energy dispersive and non-

energy dispersive directions) before they collide with the phosphor screen.

The Aberystwyth PHOIBOS 100 analyser is versatile thanks to its sophisticated

transfer lens system and MCP-Phosphor-CCD detector which is capable of

acquiring photoemission information in the non-energy axis. In a normal

transmission lens mode, the non-energy axis is simply a real-space image of the

z-axis on the sample, which is useful for alignment of the sample or minimisation

of photoelectron contributions from different materials along that axis. In an

angular lens mode, the azimuthal angle ϕ that a photoelectron leaves the sample

is preserved. As briefly mentioned in section 2.2.1, this angular information is

directly related to the electrons parallel momentum vector whilst bound in the

sample and therefore band structures can be directly observed on the CCD

image. By altering the samples polar angle ϑ and recording the CCD images

(which are a function of I (Ek, ϕ)), a 3-dimensional dataset representing the full

band structure of the sample can be produced.
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4.1 Diamond

The metastable crystalline form of carbon at standard pressure and temperature

is diamond, which is characterised by its tetrahedral structure formed by sp3

hybridised bonding. This structure, shown in figure 4.1, forms a face-centred

cubic (fcc) lattice with a basis of two atoms at each lattice point: (0, 0, 0) and

(1/4, 1/4, 1/4). At room temperature, the diamond lattice constant α0 is 3.57�A

and from this the C−C bond length of 1.54�A is exactly a quarter of the diamond

unit cell diagonal. Diamond’s highly symmetrical structure and strong covalent

bonding gives rise to many exceptional properties that have attracted a large

research interest from academic institutions and industry alike. Some of these

properties have been detailed in table 4.1. Diamond can form naturally through

the high pressures and temperatures found in the Earth’s lithosphere, or it can

be synthesised in the lab using either high-pressure high-temperature (HPHT)

or chemical vapour deposition (CVD) techniques. With synthetic techniques,

it is possible to selectively dope diamond with other elements such as boron,

which is an electron acceptor making boron-doped diamond (BDD) p-type.
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Figure 4.1. The unit cell of bulk diamond.

Highest known mechanical hardness (∼90 GPa)
Highest bulk modulus (1.2× 1012 N m−2)
Lowest compressibility (8.3× 10−13 m2 N−1)
Highest room temperature thermal conductivity (2000 W m−1 K−1)
Low linear thermal expansion coefficient at room temperature (1× 10−6 K−1)
Very wide optical transmission window 0.3 µm to 2.5 µm; 7 µm to 100 µm
Very wide band gap (5.48 eV); Excellent electrical insulator (1013 Ω m)
Biologically inert and compatible; Very resistant to chemical corrosion
Some surfaces exhibit negative electron affinity under hydrogen termination
Metallic conductivity at high boron doping concentrations (>1020 cm−3)

Table 4.1. A short list of diamond’s exceptional properties [102]

Whilst pure diamond is typically an insulator with a band gap of 5.48 eV, at

high concentrations of boron doping (i.e. >1020 cm−3), it can exhibit metallic

electrical conductivity [101].

4.1.1 Diamond Synthesis

Natural gemstone diamonds are often described according to the modern

Gemological Institute of America grading system, ‘The 4Cs’ (i.e. clarity,

carat, colour, and cut), with other countries and conglomerates using some

variation of this system. However the GIA’s grading system is purely an
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aesthetic one and does not consider impurities at the atomic level in the carbon

lattice. Diamonds fall into one of five classifications, which are an indication of

the main atomic dopant and in what form it manifests. The first attempts

of diamond classification by Robertson et al. noted the difference between

diamonds that absorbed in the infrared and ultraviolet regions of radiation

(Type I; “majority”), and those that did not (Type II; “transparent”). Type

I diamonds are characterised by their nitrogen impurities, usually to an upper

limit of ∼0.3 at%, whereas Type II diamonds have no measureable nitrogen

defects. [103]. Type I and II have been further subdivided based on absorption

and phosphorescence spectra respectively. Clark et al. showed that Type

I diamonds demonstrate distinct infra-red absorption spectra depending on

whether nitrogen in the lattice is clustered into large even-numbered aggregates

(Type IaA) or nitrogen pairs (Type IaB) [104]. J. F. H. Custers was the

first to observe differences in the UV-induced phosphorescence of Type II

diamonds. Diamonds with significant boron doping exhibited phosphorescence

and high conductivity when illuminated by UV radiation (Type IIb), whereas

diamonds with little-to-no defects (Type IIa) did not exhibit this behaviour

[105]. Type IIb diamonds are now almost exclusively boron-doped, as boron

was identified as the only viable acceptor centre in diamond that imparts semi-

conductivity [106]. Table 4.2 summarises the four modern classifications of

natural diamond. Excluding diamond formation from meteorite strikes and

extraterrestrial sources, the conditions required for natural diamond formation

Type Description Natural Occurrence

Ia Significant nitrogen content, nitrogen pairs (IaA) or clusters (IaB) Common (95 %)
Ib Low nitrogen content (ppm), single substitutional defects Very Rare (0.1 %)
IIa Undetectable nitrogen, devoid of impurities Rare (1 % to 2 %)
IIb Significant boron content; semiconducting Extremely Rare (<0.1 %)

Table 4.2. A summary of the modern classification of natural diamonds.
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only exist deep in the Earth’s crust. The minimum conditions of diamond

formation occur at depths exceeding 150 km where temperatures above 950 ◦C

and pressures above 4.5 GPa are typical, with large terrestrial diamonds forming

in continental geotherms between 38 mW m−2 to 42 mW m−2 over billions of

years [107, 108]. Contrary to popular belief, diamonds do not form from coal.

The current consensus agrees that an undefined mobile liquid melt containing

oxygen, hydrogen, nitrogen, sulphur, and of course a majority of sp2-bonded

carbon is the precursor material in diamond formation [109]. Molten transition

metals such as Cr, Mn, Fe, Co and Ni react with carbon, catalytically converting

the basal planes of graphite into numerous nucleation sites for diamond growth

[110]. The UHV reverse process of this catalytic reaction is demonstrated later in

this work (see chapter 6). In recent history, the demand for diamond in industrial

processes has outstripped the natural supply, and underpinned the necessity to

produce synthetic diamond. The first synthetic diamonds were produced in the

1950s by General Electric using the high-pressure high-temperature (HPHT)

technique that mimics and accelerates the natural formation process. A graphite

precursor is placed into a cell with a mixture of transition metal catalysts, and

then subjected to extremely high temperatures (∼between 1300 ◦C to 1500 ◦C)

and pressures (5 GPa to 6 GPa). Figure 4.2 shows the carbon phase diagram of

pressure against temperature. The red line is known as the Berman-Simon line

and delineates the regions where diamond and graphite are stable or metastable

[111, 112]. During HPHT synthesis, the pressure and temperature is selected

such that diamond becomes the stable form of carbon at equilibrium, and

therefore diamond crystals are formed. As pressure and temperature is reduced

post-growth, graphite becomes the stable form again, but the diamond does not

re-convert because it is metastable in this regime [113]. The HPHT method has

largely been used to produce small grit diamond for use in abrasives, drilling, and
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Figure 4.2. Pressure vs. temperature phase diagram for elemental carbon. The
region of interest for catalytic HPHT synthesis (dotted region) exists just above the
Berman-Simon line between 1300 ◦C and 1500 ◦C. Adapted from [113].

polishing as their small size increases their hardness as per the Hall-Petch effect

[114, 115]. The modern HPHT technique has more variation, growth conditions,

precursors, and catalyst mixtures allowing control over diamond shape (cuboid

to octahedral) [116], nitrogen and boron doping level [117], and especially size.

As of writing, type IIa diamonds larger than 10 carats have been synthesised

using the HPHT technique [118].

Soon after HPHT synthesis was first demonstrated, researchers were also

attempting to crystallise diamond from gas phase precursors in a low pressure

environment, a process known as chemical vapour deposition (CVD). The first

successful CVD deposition of diamond (co-deposited with graphite) was reported

in 1962 by W. G. Eversole [119], although it wasn’t until the early 1980s that

CVD diamond research began in earnest. In 1982, S. Matsumoto and M.
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Kamo published their work with a precise growth recipe and apparatus set-

up for depositing diamond films on heated silicon substrates (900 ◦C) using a

30 Torr 1 % CH4 in H2 gas precursor [120, 121]. They used the two dominant

types of CVD now used in modern diamond synthesis, which are defined by

how they activate the gaseous reactants in the precursor: hot filament CVD

and microwave plasma-activated CVD (MPCVD). As more groups attempted

to grow diamond via CVD, a plethora of growth recipes were reported in

the literature. In 1991, Peter Bachmann compiled the results of over 70

diamond growth experiments on carbon-hydrogen-oxygen composition diagram

[122, 123], shown in figure 4.3. The Bachmann diagram predicted which

precursor gas mixtures would result in diamond growth, and several further

studies confirmed its validity and refined the diamond growth region [124,

125]. The main conclusion of the diagram is that the identity of the precursor

gases is unimportant but rather the C:H:O ratio of its component elements.

Furthermore, oxygen is not essential for diamond growth as evidenced by the

diamond growth region extending to C:H edge (see the star symbol in figure

4.3).
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Figure 4.3. The Bachmann diagram (C:H:O ratio plot) of CVD diamond synthesis.
The dotted region shows where diamond growth will occur. The star represents the
typical CVD diamond growth conditions of 1–3 % CH4 in H2. Adapted from [122, 123].

The ‘standard model’ of diamond CVD growth developed throughout the 1980s

and 1990s and now used by academic and industrial research groups is described

herein [126, 127]: The diamond surface is stabilised by adsorption of hydrogen

to all available bonding sites, preventing the surface from reconstructing or

graphitising, although the substrate temperature is typically too low for either

of these processes to occur (i.e. <900 ◦C). A hot filament or microwave source

is used to dissociate molecular hydrogen in atoms which in turn reacts with

the precursor carbon species (e.g. CH4) to produce a mixture of hydrocarbon

species and reactive carbon-containing radicals (e.g. C2H2,
·CH3,

·CH2,
·C, etc).

The atomic hydrogen also removes hydrogen bonded to the diamond surface,

hence producing radical sites. Occasionally and less frequently than hydrogen
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re-adsorption, carbon-containing radicals (e.g. ·CH3) in the gas phase adsorb

onto these surface sites and, due to the substrate temperature, migrate toward

step edges or another carbon adsorbate. Further hydrogen abstraction from the

adsorbed carbon species allows neighbouring sites to cross-link, converting them

from sp2 to sp3-bonded carbon, and therefore expanding the carbon lattice. This

growth method, where two adsorbed molecules can migrate and react with each

other on the surface of a material, is described by the Langmuir-Hinshelwood

kinetic theory [128, 129]. Diamond nucleates as small clusters which then expand

into isolated islands as migrating CH3 groups bond to the step-edges of these

islands. Eventually, the islands merge to form a continuous perfect diamond

layer, assuming of course that a defect does not arise. The 〈111〉 and 〈001〉

surfaces are the principle growth faces during CVD of diamond; they are the

slowest growing faces during the CVD and HPHT processes and so remain after

the other faces have grown themselves out of existence [130].

4.1.2 Doped Diamond

With a band gap of ∼5.48 eV for intrinsic diamond, it is impossible to

thermionically promote an electron from the valence band to the conduction

band at room temperatures, so diamond is well and truly an electrical insulator.

However among the plethora of applications that diamonds have been considered

for, the potential for electronic devices is of great interest. Assuming a single

crystal CVD growth, diamond’s high thermal conductivity, high dielectric

breakdown field (>10 MV cm−1), and high electron/hole mobilities at room

temperature of any wide band gap material, make it an attractive candidate

for high-power high-frequency electronics or where high temperatures and high

voltages are required. Dopant atoms which have a higher atomic number than

carbon, such as nitrogen, generate donor levels in the band gap (i.e. n-type,
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provides negative charge carriers – electrons), whereas atoms with a lower

atomic number, such as boron, generate an acceptor level (i.e. p-type, provides

positive charge carriers – holes). If the donor/acceptor level is close enough

in energy to the conduction/valance band for thermal promotion of a charge

carrier, then electron conduction can take place. As mentioned earlier (see

section 4.1.1), diamonds are classified based on whether they contain significant

amounts of nitrogen or boron. The nitrogen donor level is ∼1.7 eV below the

conduction band, which is too deep in the band gap for charge carrier promotion

to occur and so type I diamonds fail as a potential semiconductor device material

[131]. Other dopant atoms have been proposed for n-type doping of diamond

(phosphorous [132], sulphur [133], arsenic [134], to name a few), but the larger

size of these atoms make incorporation into the diamond lattice during CVD

challenging. Unfortunately as of writing, obtaining a viable n-type diamond

material still remains a ‘holy grail’ of diamond electronics research. On the

other hand, boron-doped diamond has demonstrated p-type semi-conducting

properties with an acceptor state ∼369 meV above the valence band maximum

[106]. Nowadays, growth of synthetic p-type diamond is routine and well

understood. The mechanism of electrical conduction in boron-doped diamond

can be explained using the Mott model of hopping conduction [135] until the

the boron concentration in the diamond lattice exceeds ∼4.5× 1020 cm−3 (i.e.

the critical Metal-Insulator-Transition (MIT) concentration, nc). At this point,

a boron impurity band is formed in the diamond band gap allowing boron-

doped diamond (BDD) to exhibit metallic conductivity [136, 137]. Visually,

the diamond will also turn from a deep blue colour to black in appearance.

Despite having fewer charge carriers than true metals, BDD is still a sought after

material in many applications. For example in the field of electro-chemistry, its

wide solvent window, electrochemical reversibility, and reduced fouling make
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it a robust electrochemical electrode that can survive in extreme environments

(e.g. high temperatures, high pressures, hazardous chemicals, etc) [138, 139].

Above a critical boron-doping level close to the MIT nc, the diamond can

be described as heavily boron-doped diamond (HBDD) and begins to exhibit

superconductivity [140] that agrees with the Bardeen-Cooper-Schrieffer (BCS)

mechanism [141]. Initial experimental studies demonstrated a superconducting

transition temperature Tc of 4 K, with no resistivity measured at 2.3 K. This

effect is stable in magnetic fields up to 3.4 T [142], and Tc was also found to

increase with higher boron doping concentration depending on the orientation

of the diamond film being studied. The Tc of (001) diamond films plateaus out

at 4 K, whereas (111) films have demonstrated a continuous increase up to the

maximum observed Tc of 10 K [143]. Very heavily boron-doped superconducting

diamonds are of particular interest in this work for their potential to produce

boron-doped graphene or graphitic structures.

4.2 Diamond Surfaces

A surface is defined as the discontinuity of a condensed phase of matter and the

beginning of the surrounding environment, or ‘free space’, that separates one

substance from another. In crystals this deviation from the bulk periodicity at

the surface results in new electronic states which bind the crystal’s electrons

from entering free space without some considerable extrinsic energy input,

e.g. an incident photon. The surface atoms of a material will readily

interact with external reagents if they possess electrons available for bonding,

thus forming surface ‘terminating’ species or they will reorganise into more

favourable positions if the conditions allow; a process called ‘reconstruction’.

The termination and reconstruction of a material’s surface can drastically alter
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the properties of the surface with respect to the bulk. In this section, the physics

and chemistry of the (111) diamond surface will be explored with respect to its

structure (notably the reconstruction) and electronic properties.

4.2.1 The (111)(1× 1) Surface

Carbon atoms in the [111]-orientated bulk diamond are terminated by either

one bond or three bonds either side of the (111) plane. The natural cleavage

plane and most stable (1×1) surface only has one dangling bond [144] as shown

in figure 4.4 which is terminated by a single hydrogen or oxygen species. The

atomic spacing of the surface atoms with respect to the bulk lattice constant

is α0/
√
2 = 2.52�A, which is same for the (100) surface as well. Looking along

the [111] direction, the surface atoms form a corrugated hexagonal pattern with

alternating surface and sub-surface atoms. The topmost layer of atoms have

the surface bond which can accept adsorbates. This surface structure is nearly

identical to graphene with only a 2.5 % lattice mismatch between the allotropes,

which goes some way to explain why the (111) surface has a higher susceptibility

to graphitisation compared to the lower-index surfaces. The band structure of

the (111) surface is straight-forward and lacks any occupied surface states in the

band gap for both the oxygen and hydrogen terminated surfaces [145]. Theory

predicts that surface carbon-hydrogen bonds with a length of 1.12�A produce

occupied bonding states deep in the valence band, ∼4 eV below the valence

band maximum. Photoemission data equally shows no occupied surface states

in the band gap in support of the theoretical data. It would seem that the (111)

diamond surface is electronically inactive, however hydrogen-termination does

results in a negative electron affinity (NEA) which is unique among organic

semiconductors [146]. In solid state physics, NEA occurs when the vacuum

energy level is lower in energy than the conduction band minimum by some
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Figure 4.4. The real-space hydrogen-terminated (111)(1×1) diamond surface looking
down the (a) [111] direction (topdown) and along the (b) [101] direction (side). Each
double layer of atoms forms a corrogated hexagonal sheet seperated by bonds aligned
in the [111] direction. The surface atoms are highlighted in red and are bonded to
a single hydrogen atom which stabilises the surface and prevents reconstruction. The
red-shaped region in (a) denotes the surface unit cell. (c) shows the reciprocal space
(red line) and reduced brillouin zone (black line), along with principle lattice points
that have a high degree of symmetry. The red dashed line indicates one domain of the
(2× 1) reconstruction’s brillouin zone (see figure 4.5).
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value χ, meaning that electrons in the conduction band encounter no barrier to

the vacuum and can be emitted from the material. In contrast to conventional

semiconductor elements, carbon is more electronegative than hydrogen which

produces an electric dipole at the surface, lowering the barrier to emission.

Hydrogen-terminated diamond surfaces have a much lower electron affinity,

with NEA manifesting when a high proportion of hydrogenation is achieved.

Typically for a hydrogen-terminated (111)(1×1) diamond surface, χ = −1.3 eV

[147] whereas for oxygen-terminated surfaces (and reconstructed surfaces), χ

can range between 0.35 eV and 3.6 eV [148, 149]. On the other hand adsorbates

with a large electronegativity compared to carbon, such as oxygen and fluorine,

increase the electron affinity. The NEA of hydrogen-terminated diamond results

in an increased electron emission from the conduction band into vacuum, which

can be qualitatively observed in UPS as an increase in the secondary electron

yield, and quantitatively as a widening of the spectral width.

4.2.2 The (111)(2× 1) Reconstruction

In the absence of stabilising terminating species, the (111)(1×1) diamond surface

undergoes a complicated reconstruction, which today is known to be a (2 × 1)

motif. The precise nature of the diamond (111)(2 × 1) reconstructed surface

has been a longstanding topic of controversy dating back over 60 years. Many

experimental and theoretical studies have been conducted on this system to

date, mainly focusing on its structural and electronic properties. Early LEED

studies of the diamond (111) surface were performed by Marsh and Farnsworth

[150] and Lander and Morrison [151]. They found that the as-polished surface

exhibits the expected (1× 1) pattern, and annealing the surface results in half-

order spots indicating a doubling of the surface periodicity. However they were

unable to determine whether the surface structure was (2 × 2) or (2 × 1) from
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these patterns [150, 151]; most of following literature quoted the reconstruction

as (2 × 2)/(2 × 1). Confirmation of the (2 × 1) surface was later shown using

LEED by Derry et al. which showed a clear one domain reconstruction. Three

(2 × 1) domains can be rotated by 120° with respect to each other to form an

apparent (2× 2) reconstruction in the LEED pattern [152]. The actual carbon

atom arrangement of this reconstruction was still unknown and several models

were submitted over the years based on LEED measurements, e.g. buckled

[153], relaxed [151], and graphitic [154]. However, it was known early on that

adsorbates played a role in the (111) surface reconstruction, with particular

focus on hydrogen. Lander and Morrison were able to recover the (1 × 1)

periodicity by heating the (2 × 1) surface in a hydrogen atmosphere, showing

that hydrogenation of the (1× 1) surface can occur [151]. Later, stimulated ion

desorption and LEED experiments by Pate et al. and Hamza et al. showed that

H+ ions desorb at lower temperatures (830 ◦C) compared to the occurrence

of the (2 × 1) LEED pattern (1000 ◦C) [155, 156]. Furthermore, whilst the

(1 × 1) surface has a chemisorbed layer of hydrogen, the (2 × 1) is hydrogen-

free which is confirmed by more modern theoretical calculations [157]. K. C.

Pandey’s seminal paper on the diamond (111) reconstruction was published in

1982 [158], following soon after his work on the (2 × 1) reconstruction of (111)

silicon [159]. In these papers, Pandey introduced a new geometric model for

the (2 × 1) reconstruction of (111) surfaces, first on Silicon, then on diamond.

The Pandey-chain model is now the modern accepted structure for the diamond

(111)(2 × 1) reconstruction, and is shown in figure 4.5. Upon the removal of

terminating adsorbates, the (111) diamond surface reconstructs into chains of π-

bonded dimers along the [101] direction both in the topmost and second atomic

layer (according to Pandey’s original calculation). Reconstruction can occur in

three main directions in real space rotated by 120° with respect to each other,
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conforming to the mirror planes of the (111) surface: [101], [110], and [011].

The atomic spacing between carbon atoms along these chains is 1.43�A which is

near identical to that of graphite (1.425�A). Out-of-plane dangling bonds of p-

character are perpendicular to the surface and strongly interact to form π-bonds

along the surface chains. The distance between parallel π-bonded chains (i.e.

along the [121]) direction) is 4.37�A, minimising the electron interaction between

them and as a result, electron interaction is confined within the chains. Pandey’s

model superseded the previous proposed models largely because valence band

calculations on the chain model matched the most recent ARPES data presented

by Himpsel et al. [160]. In Himpsel’s paper, he observed an energy band

dispersion which shifted by approximately 1 eV toward the Fermi level in the

ΓK direction in reciprocal space. Polarisation dependent photoemission showed

that this surface state was fully symmetric [160]. Pandey’s calculations showed

that for a dimerised chain structure, no states are observed within 0.5 eV of the

Fermi energy [159]. Several authors have reported experimental evidence for

dimerised Pandey chains. Namba et al. [161] used combined UPS and electron

energy loss spectroscopy (EELS) to show a 2 eV bandgap opening up along

the JK direction in reciprocal space, a result which reproduced Pepper et al.’s

previous EELS observation [162].

The first density functional theory (DFT) calculations on the (111)(2 × 1)

diamond surface were first performed by Vanderbilt and Louie [163], which

sought to determine the most energetically reconstructed surface. Several

reconstructions were studied including competing chain models [164, 165], but

Pandey’s relaxed π-chain yielded the lowest surface energy, approximately 0.3 eV

lower than the relaxed (1×1) surface, as well as conforming to the experimental

ARUPS data. Furthermore, Vanderbilt and Louie’s results suggested that the
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Figure 4.5. The real-space (111)(2 × 1) diamond surface looking down the (a) [111]
direction (topdown) and along the (b) [101] direction (side). The first and second layers
of atoms on the (111) surface reconstruct to form two parallel chains (highlighted in
red and blue) offset in both the [111] (z) and [121] (y) directions. The bonds between
these chains and the third layer of atoms are no longer parallel, and are angled with
respect to the [111] direction. The clean reconstructed surface is stable and therefore
has no stabilising adsorbates. The red-shaped region in (a) denotes the surface unit
cell. (c) shows the reciprocal space (red dashed line) and reduced brillouin zone (black
line), along with principle lattice points that have a high degree of symmetry.
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(2 × 1) reconstruction was undimerised in contradiction to Pandey’s original

calculations; in fact dimerisation of the π-chain model resulted in higher surface

energies. Agreement between experimental data and the theoretical calculations

of the band structure of the (2 × 1) surface is currently mixed, and it is this

disagreement that this work will seek to address with new theoretical and

experimental data in chapter 5.

For ΓK, theoretical calculations using both the DFT formalism and first-order

quasiparticle effects, predict a strong dispersion relation for both occupied and

unoccupied bands. These studies all predict a (semi-)metallic surface with

the occupied band rising above the Fermi level at K [166–169]. In contrast,

experimental ARPES data from Graupner et al. demonstrates that the occupied

surface states remains 0.5 eV below the Fermi level, meaning that a semi-

conducting band gap of at least 0.5 eV is experimentally verified. In Graupner’s

report and in other results, photoemission intensity is observed right up to the

Fermi level but because the intensity is weak and non-dispersing, it has not

been attributed to the diamond surface but rather due to localised areas of

graphitisation as a result of annealing [170].

4.3 Graphene

The stable crystalline allotrope of carbon is graphite, a material that consists of

stacked sheets of sp2-bonded carbon. Three valence electrons from each carbon

atom are involved in covalent σ-bonding to three other carbon atoms, forming a

two-dimensional hexagonal structure. The forth valence electron is de-localised

and is thus free to migrate in the plane, giving rise to graphite’s electrical

conductivity. The σ-bond length is ∼1.42�A, and the interplanar distance is
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Extreme room temperature electron mobility (2.5× 105 cm2 V−1 s−1)
Massless Dirac fermions + Ambipolar electric field effect
Ability to sustain extremely high densities of electric current (106× that of copper)
Extremely large Young’s Modulus (1 TPa)
Highest known mechanical strength (130 GPa)
Extremely light (≈0.77 mg m−2)
Highest theoretical thermal conductivity (>3000 W mK−1)
Significant absorbtion of white light (πα ≈2.3 %)
Reduced light absorption at saturation fluence
Impermeability to any gases
Can be readily chemically functionalised

Table 4.3. A short list of graphene’s exceptional properties [2, 173]

3.35�A as a result of weak van der Waals bonding. Single atomic layers of

graphite have been explored as early as 1947 [171], but were largely thought to

be unstable as they only appeared experimentally in derivative forms such as

carbon nanotubes, buckminsterfullerenes, and of course graphite [172]. However

in 2004, Novoselov et al. successfully isolated a single atomic layer of graphite,

heralding the world’s first two-dimensional material [1]. This material, known as

graphene, has since received a considerable amount of attention from the wider

scientific community due to its strange and extraordinary properties. Graphene

has a distinct band structure with two conical points (K and K’) where the

conduction and valence bands overlap in the Brillouin zone (BZ); these points

are referred to as Dirac points, and electron energies near to these Dirac points

follow a linear dependence on the electron wave vector. This band structure

arises from the interaction of graphene’s two equivalent carbon sub-lattices,

shown clearly in figure 4.6, whose own band structures overlap at the BZ edge

to establish the conical energy dispersion. Electrons moving around graphene’s

honeycomb lattice and interacting with the periodic potential are modelled as

low-energy quasiparticles by a Dirac-like Hamiltonian, which describes them as

massless relativistic particles with energy dispersion E = ~kνF and momentum k
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as they approach the Dirac points. This means the quasiparticles effectively act

as photons where the speed of light is the Fermi velocity νF = 106 m s−1 [174,

175]. Figure 4.7 shows graphene’s unique band structure, and the positions

in reciprocal space where the Dirac points exist. Graphene’s band structure

results in some electronic properties which have made it a potential candidate

for a new generation of electronic devices. In an undoped graphene sheet, the

electron density of states only reach the Fermi level, where massless Dirac

fermions are expected. However, graphene has also been reported to exhibit

an ambipolar electric field effect (i.e. the Fermi level can be shifted into the

conduction or valence bands by an external electric field, demonstrated in figure

4.7b) that allows charge carrier concentration tuning between electrons and holes

of up to 1013 cm−2 with mobilities greater than 15 000 cm2 V−1 s and ballistic

Figure 4.6. A topdown view of a graphene crystal, which consists of two equivilent
carbon sublattices A and B. One possible unit cell of graphene is encapsulated by the
real space vectors a1 and a2; the unit cell of graphene contains two atoms.
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Figure 4.7. (a) The band structure of graphene in the first BZ. The Dirac cones
are centred on the K points of the BZ (Adapted from [176]). The red region has been
expanded in (b), and shows a Dirac cone in more detail with the ambipolar electric
field effect shifting the Fermi level with respect to an external electric field.

transport up to sub-micrometer distances [1, 177]. Graphene nano-ribbons

(GNR) are quasi one-dimensional structures that have been predicted to be

semi-conducting (by introduction of a width-dependent band gap) or metallic

depending on their in-axis orientation, and thus have been considered for use

in field effect transistors in integrated circuits. With high carrier mobilities,

this heralds devices with rapid switching speeds in the GHz to THz range. The

use of graphene in flexible electronics has caught the interest of many research

groups; its in-plane conductance, low optical absorption (∼2.3 %) [178], and high

resistance to fracture strain [179] make it a potential replacement for indium

tin oxide (ITO) in touch screen devices and rollable e-paper [180]. As well as

integrated electronic devices, graphene (and graphene oxide) has shown promise
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as a medium for drug delivery [181], electrochemical sensing [182], energy storage

and generation [5], water filtration and contaminant removal [183], and a variety

of other applications.

4.3.1 Graphene Synthesis

Mechanical Exfoliation

In their original 2004 paper, Novoselov et al. used mechanical exfoliation, or

repeated peeling, of small highly ordered pyrolytic graphite (HOPG) mesas

to produce the world’s first free standing sheets of graphene [1]. The weak

interlayer van der Waals interaction of HOPG (2 eV nm−2) and small force

required the cleave individual layers (300 nN µm−2) means that the crystal

can be repeatedly cleaved to its limit by adhesive tape, and then transferred

to an appropriate oxidised silicon substrate. This “Scotch tape” method,

or micromechanical cleavage, although seemingly straightforward in nature is

rather time consuming and labour intensive. The technique has predominantly

remained a laboratory-based method with no clear manner with which to

scale up for mass-production. Some groups have proposed variations on the

micromechanical cleavage route which are more efficient and require less effort

on the part of the experimenter. For example, Chen et al. proposed a system

of continuous exfoliation via a three-roll mill machine with a polymer adhesive

(Polyvinyl chloride (PVC) dissolved in dioctylphthalate (DOP)) in their 2012

paper [184]. Another technique proposed by Jayasena et al. in 2011, uses

a lathe system consisting of a ultra-sharp diamond wedge precisely cleaving

nanometre thick graphite flakes from an HOPG-loaded mount [185]. Liquid-

phase-assisted exfoliation of graphene, an alternative method for providing

the necessary normal/shear force has also been developed in recent years via

the techniques of sonication and pressure-driven fluid dynamics. The former
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typically disperses graphite powder into specific organic solvents, followed by

sonication and centrifugation. The sonication process utilises the cavitation of

bubbles that form on the basal and edge planes of the graphite flakes. The

compressive stress waves released by the collapsing bubbles propagate through

the graphite flakes until they reach the free graphite interface, upon which they

are reflected back into the graphite, inducing a tensile stress wave providing the

normal force required for exfoliation. Stress waves originating from the edge

plane also provide a wedge effect inducing shear forces in adjacent graphite

planes, hence separating them [186].

Chemical Vapour Deposited Graphene

Controllable segregation of graphene using carbonaceous gas sources was first

reported by Yu et al. in 2008 [187]. High purity (99.99 %) polycrystalline foils

of nickel were placed into a high temperature chamber with an inert gas. The

foils were annealed under a H2/Ar gas flow for 1 h to remove impurities at the

Ni surface before a CH4 precursor gas is then introduced. The hydrocarbon

molecules decompose at the Ni surface and then, due to carbon’s high solubility

in Ni, the carbon atoms diffuse into the metal with the carbon concentration

decreasingly exponentially from the surface into the bulk. In the subsequent

cooling period, the carbon solubility of Ni decreases causing the carbon atoms

to segregate at the surface. The cooling rate determines the amount and

quality of the carbon at the Ni surface, with high quality graphene forming

in the ∼10 ◦C s−1 regime. Fast cooling (∼20 ◦C s−1) quenches the segregation

resulting in poor state of crystallinity, whilst slow cooling (∼20 ◦C s−1) allows the

carbon enough time to diffuse further into the bulk, resulting in an insufficient

concentration of solute atoms near the surface for segregation. The size and

quality of the resulting graphene is highly dependant on the Ni crystallinity
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at the growth interface, with polycrystalline Ni resulting in largely multilayer

graphene growth due to carbon aggregating at Ni grain boundaries [187].

Following Yu et al.’s initial success at using CVD to produce graphene, other

groups reported similar results on other metallic substrates demonstrating

varying levels of carbon solubility and catalytic effect. In 2009, Ruoff et

al. demonstrated the CVD growth of graphene on copper substrates [188].

Graphene grown on Cu demonstrates many advantages over Ni and other

metallic substrates used in the CVD process; Cu exhibits an ultra-low carbon

solubility meaning that a large CH4 concentration or extended growth period

will still result in a small concentration of dissolved carbon in the Cu. The

predominant growth mechanism for graphene on Cu arises from catalytic

decomposition of the hydrocarbon gas at the Cu surface. Once a monolayer

of graphene has been deposited, the Cu surface required for this catalytic

reaction is fully covered, and the growth process stops immediately. This means

that graphene CVD on Cu is a self-limiting surface-driven process, and thus is

highly controllable. Cu foils, typically about 25 µm in thickness, are cheap and

graphene grown on them can easily transferred to insulating substrates such as

silicon oxide. Parameters such as cooling rate and thickness of the Cu have

no effect on the graphene growth rate. Controlling the quality and coverage

of graphene-on-Cu is largely influenced by the hydrocarbon gas flow rates, the

substrate temperature, and the pre-treatment of the Cu foils. The annealing of

Cu foils in a H2/Ar gas flow prior to the introduction of hydrocarbon precursor

gases serves two main functions: it removes the native copper oxide layer which

reduces its catalytic ability; and it rearranges the surface morphology, removing

structural defects and increasing the Cu grain sizes [189].
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The density of graphene nucleation sites is highly dependent on the Cu surface

morphology, with carbon adatoms aggregating predominately at surface defects,

Cu domain boundaries, and step edges. Techniques such as Cu electro-polishing

[190], substrate melting [191], and altering the CH4/H2 gas ratio to favour

the hydrogen component [192], have reported to reduce the nucleation density

allowing graphene domains more space to grow before meeting other graphene

domains and coalescing. With respect to the precursor gas, a larger CH4/H2

ratio gives rise to a highly polycrystalline graphene sheets with significant

multilayer coverage [193].

The mechanism of the surface-driven catalysis on Cu, and the carbon segregation

in Ni, have been confirmed experimentally by Ruoff et al. through sequential

flowing of carbon-12 and carbon-13 precursor gases into the growth chamber.

The resulting distribution of carbon isotopes in the graphene were determined

using the position of the Raman G peak. Graphene grown on Ni substrates

heralds a uniform distribution of carbon isotopes because the diffused carbon

mixes before the segregation step. Graphene-on-Cu instead exhibits alternating

sections of carbon-12 and carbon-13 congruent to a process involving carbon

adsorption and aggregation [194].

Sublimation from Silicon Carbide

Thermal decomposition of silicon carbide (SiC) provides a method of producing

large-area homogeneous graphene of extremely high quality. Compared to other

growth techniques, it has the advantage of producing graphene-based electronic

devices on a commercially available semiconducting substrate without the need

for transfer. The mechanism of SiC decomposition has been well studied since

it was first demonstrated by Badami in 1965 [195]. When a SiC substrate is
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heated to temperatures exceeding 1000 ◦C in UHV, the negliable vapour pressure

of carbon compared to silicon means that the silicon is able to sublimate from

the surface. This leaves carbon atoms behind which then optimise into graphene

and graphitic layers [196]. Improvements to this technique involve inhibiting the

sublimated silicon flux from the SiC surface by introducing 1 bar of Ar gas [197]

or disilane gas (at increased temperature, i.e. 1650 ◦C) [198] into the growth

chamber. Graphene grown on SiC using the sublimation method is epitaxial

and, as first shown by De Heer et al. in 2004, contains Dirac-like charge carriers

exhibiting mobilites exceeding 1100 cm2 V−1 s−1 [199, 200] or 2000 cm2 V−1 s−1

using the Ar-pressurization technique [197]. Epitaxial graphene can be grown

on either of the polar faces of SiC (i.e. the Si–terminated and C–terminated

sides), but the growth conditions and the electronic properties of the subsequent

graphene are highly dependent on the chosen growth face as first reported

by Bommel et al. [201]. There are many examples of large-area single-layer

graphene growth on the SiC(0001) surface with excellent reproducibility. It has

been reported by many groups using LEED and STM, that before graphitisation

the SiC(0001) surface reconstructs into a (6
√

3 × 6
√

3)R30° non-conducting

carbon-rich ‘buffer’ layer as silicon atoms begin to sublimate [202, 203]. This

buffer layer is partially bonded to the SiC surface and does not exhibit any of

the electronic properties of graphene. As temperature continues to rise beyond

1250 ◦C and more silicon is sublimated, the top most carbon layer detaches and

forms a graphene layer, with the next layer of carbon forming the buffer layer.

The graphene demonstrates the expected electronic properties as free-standing

graphene with a linearly dispersing band structure near the K point in reciprocal

space [202]. With a sustained temperature increase, more layers of graphitic

carbon are formed with Bernal stacking in either an AA’ or AB stacking sequence

[204]. On the other hand, graphene growth characteristics of the SiC(0001)
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surface are vastly different beyond the expected sublimation of silicon. First the

on-set of graphitisation occurs at 1100 ◦C, and proceeds more rapidly compared

to the SiC(0001) surface for any given temperature, leading to rapid multilayer

growth [205]. However, growth on this surface involves additional complex

surface reconstructions before graphene is produced and typically results in

polycrystalline growth with many rotational domains and defects, as well as

rotationally disordered stacking in multilayer films [206–208]. For this reason,

only the SiC(0001) surface is considered in this work. Production of graphene

via the SiC sublimation process is highly energy intensive requiring extremely

high temperatures and a UHV environment. Despite the extremely high-quality

of the graphene, the proximity to the buffer layer also results in a K-point

energy shift of 0.4 eV below the Fermi energy resulting in significant n-type

doping. This presented a major issue for future SiC-graphene-based electronic

devices as the charge transfer induced n-doping in the graphene becomes a

source of electronic scattering, reducing the overal mobility of the graphene

[209]. However this effect can removed by intercalating hydrogen between the

buffer layer and the SiC surface [210].
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Graphitising the (111)

Diamond Surface

In this chapter, the results of a study on the (111) diamond surface are presented.

The (111) surface of diamond is altered by heating in UHV up to 1100 ◦C. Four

main surface conditions are identified and chracterised: the oxygen-terminated

(1 × 1) surface, the hydrogen-terminated (1 × 1) surface, the Pandey-chain

(2 × 1) reconstruction, and the graphitised surface. The key result of this

chapter is revealed after heating beyond 1000 ◦C in UHV; the co-existence of

the diamond (111)(2 × 1) Pandey-chain reconstruction and graphene. This is

shown by combined angle-resolved photoelectron spectroscopy data and density

functional theory modelling of the surface, of which is in contrary to previous

studies conducted on this system.
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5.1 The (111)(1× 1) Diamond Surface

5.1.1 Oxygen-terminated Diamond

A moderately boron-doped (i.e. [B] = 1016 cm−3) (111)-orientated diamond

was delivered to Element 6 Ltd (Didcot, UK) where it was polished on an

iron scaife until an near-atomically flat surface was achieved. The nature of

the polishing method is not known beyond basic details. The diamond was

cleaned by sonication in acetone for 15 minutes in a plastic beaker (to avoid

silicon contamination), rinsed with isopropanol, and blow dried with nitrogen

gas. Contact atomic force microscopy (C-AFM) was used to confirm the (111)

surface roughness and determine whether the polishing had induced any damage

to the surface. Figure 5.1 shows the results of the C-AFM study.
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Figure 5.1. C-AFM Images taken from the surface of the moderately boron-doped
(111) diamond after an E6 polish. (a) A 25×25 µm C-AFM scan. Line profiles have
been extracted from the (b) blue path and the (c) red path in subfigure (a), which are
parallel and perpendicular to the polishing direction respectively. The r.m.s. roughness
values have been extracted and quoted for each path.

The r.m.s. roughness was calculated to be 0.16 nm in the polishing direction and

0.20 nm in scaife’s radial direction, both of which are less than the interlayer

spacing of the (111) plane of diamond, therefore confirming atomic flatness

of the diamond surface (N.B. true atomic resolution was not achieved on this

microprobe, so these values represent an average). The diamond was introduced

into the REES system and heated to 300 ◦C to drive off any adventitious
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carbon and oxygen groups from the (111) surface. The pressure in the

preparation chamber exceeded 1× 10−8 mbar during the heating ramp, therefore

the sample was held at 300 ◦C overnight whilst the chamber pressure recovered

to ∼3× 10−10 mbar to prevent re-adsorption of contaminants. The sample was

then cooled to less than 80 ◦C and moved into the analysis chamber for XPS

analysis. Figure 5.2 shows the XPS spectra collected from this clean surface.

Figure 5.2. XPS spectra of the moderately-doped (111) diamond surface after E6
polish and heating to 300 ◦C. Top: A survey scan showing the C 1s peak from the
diamond, and O 1s from surface oxygen-terminating species. The corresponding C KLL
and O KLL Auger features are also present. Bottom Left: A high resolution scan of
the O 1s core level. Bottom Right: A high resolution scan of the C 1s core level. The
red inset traces show the residuals R(E) from the fitting procedures. Table 5.1 shows
the fitting results for these spectra.
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Component Position / eV FWHM / eV
∑

GL ratio At%

C 1s

C−Csp3 284.2 1.0 0.60 93.2
C−OH 285.2 1.0 0.60 5.4
C−−O 286.1 1.0 0.60 1.4

O 1s

C−OH 532.3 2.0 0.50 72.9
C−−O 531.2 2.0 0.50 22.8
O−−C−OH 529.6 2.0 0.50 4.3

Table 5.1. Fitting results for the spectra in Figure 5.2

Post-heating, the survey spectrum shows that the diamond surface is free from

contamination with only the carbon and oxygen 1s peaks observable. The O 1s

peak accounts for 2.2 at% of the analysis volume, which corresponds to an oxygen

surface coverage of ∼90 % on the (111) face [211]. The high resolution scans of

the O 1s and C 1s reveal the nature of the surface oxide. The O 1s has been fitted

with three components positioned at 532.3 eV, 531.2 eV, and 529.6 eV binding

energy. These O 1s components are wholly down to carbon-oxygen bonds at

the diamond (111) surface and have been assigned as alcohols (C−OH), ketones

(C−−O), and carboxyl (O−−C−OH) groups respectively. The percentage ratio of

these carbon-oxygen groups is 72.9 %:22.8 %:4.3 %. The C 1s consists of a main

C−C sp3 component at 284.2 eV with the surface oxide states at higher binding

energy; the C−OH and C−−O components are +1.0 eV and +1.9 eV higher in

binding energy compared to the main C−C sp3 component. The O−−C−OH

component could not be fitted confidently, but is nevertheless present in the O

1s peak. The ratios of at% values between different components in the C 1s and

O 1s may not be exactly the same due to inherent inaccuracies arising from the

selection of the background algorithm and the effective attenuation lengths.
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5.1.2 Hydrogen-terminated Diamond

Above 300 ◦C, surface oxygen groups slowly desorb from the diamond surface

and are replaced by hydrogen which is outgassed from the Boralectric heater

plate in the UHV chamber. As shown later in section 5.2, single dangling

bonds at the surface must be hydrogen terminated immediately after oxygen

desorption, otherwise reconstruction will occur. To achieve a fully H-terminated

surface, the (111) diamond was slowly heated to 900 ◦C whilst ensuring the

pressure did not exceed 1× 10−7 mbar. The diamond was held at 900 ◦C for

∼5 min before cooling rapidly to 800 ◦C. The diamond sample was held at high

temperature until the UHV chamber pressure dropped below 5× 10−9 mbar

before cooling. This heating procedure was repeated three times to reduce the

chamber pressure at high temperature and therefore reduce the re-adsorption of

oxygen onto the diamond surface. Once the diamond was cooled below 80 ◦C,

XPS measurements were taken. Figure 5.3 shows the XPS measurements after

heating to 900 ◦C. Immediately it is apparent in the survey scan that there

is no measurable O 1s peak, in contrast to figure 5.2. The complete lack of

an O 1s peak, which is more convincingly illustrated by the high resolution

scan, indicates that the surface oxygen must be less than 0.1 at% of the analysis

volume and thus below the detection limit for this system [212]. However, there

is a very small O KLL contribution around 490 eV which is more apparent when

the intensity is plotted on a logarithmic scale. The lower kinetic energy of the

O KLL photoelectrons means that they have increased surface sensitivity, and

therefore indicate that the signal is originating from the very surface of the

Component Position / eV FWHM / eV
∑

GL ratio At%

C−C sp3 / C−H 284.7 1.0 0.75 100

Table 5.2. Fitting results for the spectra in Figure 5.3.
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400 600500

O KLL

Figure 5.3. XPS spectra of the moderately-doped (111) diamond surface after heating
to 900 ◦C. Top: A survey scan showing only the C 1s peak and C KLL Auger feature
from the diamond, with no other contaminating elements. Bottom Left: A high
resolution scan of the O 1s region showing a lack of oxygen. Bottom Right: A high
resolution scan of the C 1s core level. The red C 1s inset trace show the residual R(E)
from the fitting procedure. Table 5.2 shows the fitting results for this spectrum.

diamond, suggesting that some trace oxygen is still present on the surface (i.e.

<0.1 at%). The most likely explanation for this trace oxygen is re-absorption

of C−O during the cooling stage, despite improving the UHV chamber pressure

with repeated heating cycles. The high resolution scan of C 1s consists of a

single component which has been attributed to the ‘bulk’ sp3 carbon and surface
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hydrocarbon. The lack of higher binding energy components indicates that there

are no surface oxides, and the lack of lower binding energy components means

that the surface has not reconstructed or graphitised (see section 5.2). The

(111)(1×1) diamond surface will reconstruct without a stabilising termination

species such as oxygen or hydrogen. At 900 ◦C, the temperature is too high for

oxygen to remain bonded to the surface, freeing up bonding sites to be replaced

by outgassed hydrogen from the Boralectric heater (see section 3.3.1). The

immediate replacement of oxygen with hydrogen keeps the (111)(1×1) surface

stable and therefore prevents the surface from reconstructing. Section 4.2.1

explains that the surface layer of a (111)(1× 1) diamond has carbon bonded to

either three satisfied bonds (surface), or four other carbons (sub-surface), and

this staggered (111) plane is repeated into the bulk. The (1× 1) surface lattice

was confirmed by LEED measurements, shown in figure 5.4. The maxima of the

two sets of symmetry-equivilent first order beams characteristic of the hydrogen-

terminated diamond (111)(1× 1) surface are observed with increasing incident

energy from 87 eV to 102 eV, as observed in previous literature [17, 56].

Figure 5.4. LEED study of the hydrogen-terminated (111)(1×1) diamond surface at
(a) 77 eV, (b) 87 eV, and (c) 102 eV incident electron kinetic energy.
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5.2 The (111)(2× 1) Reconstruction)

5.2.1 The Clean (2× 1) Reconstruction

To demonstrate the (2 × 1) reconstruction of the diamond (111) surface,

an insulating HPHT diamond was used. The HPHT diamond was heated

to temperatures between 930 ◦C and 1000 ◦C whilst ensuring the chamber

pressure did not exceed 1× 10−7 mbar. During this heating ramp, the

oxygen-terminating species are thermally desorbed leaving behind a hydrogen-

terminated (1 × 1) before reconstruction occurs above 930 ◦C. The diamond

was then cooled to 800 ◦C and the pressure in the UHV chamber was allowed

to recover to 5× 10−9 mbar before cooling to acquire XPS measurements. As

before, this procedure is repeated three times. Figure 5.5 shows the XPS

survey scan and C 1s peak of the insulating HPHT diamond surface post-

reconstruction. Due to the available analysis area of the HPHT sample

(circular Ta mask with ∼1.5 mm diameter), a significant amount of tantalum

from the sample plate is visible in the survey scan. However after heating

Figure 5.5. XPS spectra of the insulating (111) diamond surface after heating to
1000 ◦C. Left: A survey scan showing the C 1s peak from the diamond, and the Ta
peaks from the sample holder. Right: A high resolution scan of the C 1s core level.
The red inset trace show the normalised residual RN (E). Table 5.3 shows the fitting
results for this spectrum.
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Component Position /eV FWHM / eV
∑

GL ratio At%

C−C sp3 285.1 1.1 0.60 94.6
C−−C sp2 283.8 1.1 0.60 5.4

Table 5.3. Fitting results for the spectra in Figure 5.5

to 1000 ◦C, no evidence of carbide was observed in the C 1s high resolution

spectra which would convolute the photoelectron intensity from the diamond

sample. The high resolution C 1s scans for both diamond surfaces show the

‘bulk’ C−C component as well as a smaller component on the higher kinetic

energy side. The larger C−C component is naturally attributed to the sp3-

bonded carbon of the diamond structure, but the smaller component, which

has a binding energy consistent with a C−−C sp2 species (i.e. ∼284 eV), only

emerges when the samples are subjected to temperatures greater than 930 ◦C.

It should be noted that the oxygen and hydrogen-terminated HPHT diamond

surface is insulating and therefore the surface undergoes charging. The diamond

surface does not charge indefinitely as low kinetic energy secondary electrons

generated at the Al window of the twin-anode X-ray source are able to fill the

electronic vacancies. The equilibrium binding energy of the insulating (111)

diamond is measured at 287.0 eV in the home laboratory. For the insulating

HPHT diamond, the emergence of this C−−C sp2 component coincides with a

total C 1s peak position shift of −1.9 eV, to a new equilibrium binding energy

of 285.1 eV. This means that the new sp2 carbon in the surface region is

providing a ‘shorting path’ where free electrons from the tantalum metal are

able to reach the positive charges in the diamond surface and negate them. The

crystallographic nature of the new surface carbon was revealed using LEED, and

figure 5.6 shows a LEED pattern acquired from the moderately-doped diamond

(111) surface after heating to 950 ◦C. The (2 × 1) LEED pattern only shows a
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Figure 5.6. LEED pattern of the (111)(2×1) diamond surface after 950 ◦C.

doubling of the surface periodicity in two predominant directions, as opposed

to the three directions expected from a (2 × 1) reconstruction from a non-

atomically flat diamond (111) surface. Clearly, reconstruction in the third real-

space direction is inhibited on the newly polished surface, an effect not observed

on other (111) diamond surfaces measured in this study. Derry et al. are the

only authors of publications that have reported a single-domain (111)(2 × 1)

reconstructed surface on diamond, produced using mechanical polishing [152,

213]. They suggested that a departure from the true (111) plane during the

polishing step produces terraces of varying widths. Terraces with even integer

numbers of atomic rows preferentially reconstruct because an exact number of

doubled periods can fit onto the basal plane of the terrace. On the moderately-

boron doped diamond, the direction of polishing lines is likely the cause of

the two-domain reconstruction for the following reason. The height variation

extracted from figure 5.1c in the non-polishing direction suggests that there are

more atomic terraces. These terraces potentially have a reconstruction breaking

effect preventing any long-range order chains from forming. Whereas the atomic

flatness in the polishing direction facilitates the conditions for long unbroken

Pandey-chains to form, and therefore real-space lattice directions that are near

in angle to the polishing direction will readily reconstruct.
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In a previous study conducted by Dr Simon Cooil and colleauges, ARPES

data was also obtained at the SGM 3 beamline of ASTRID at ISA (Aarhus,

Denmark) from the moderately boron-doped diamond (111) surface. These

measurements were taken along the KΓK direction of the (111)(2× 1) BZ; full

details of the experimental procedure can be found in references [56]. To affirm

this previously obtained ARPES data, Kohn-Sham density functional theory

(KS-DFT) calculations of the graphene-on-diamond electronic structure were

obtained using the ab initio modelling program, Aimpro, a quantum-mechanical

modelling package capable of predicting meaningful physical properties from

a system of atomic positions and species [214]. The core electron potentials

are replaced by Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials and the

valence electron orbitals are produced by d-character Gaussian basis functions

with four exponents centred on atomic sites. A graphene-on-(111)(2 × 1)

diamond system was constructed from a primitive orthorhombic unit cell

containing 64 sp3-bonded carbon atoms (diamond) and 8 sp2-bonded carbon

atoms (graphene). The relevance of the graphene sheet will become clear in the

next section (see section 5.2.2). This unit cell was repeated ad infinitum in the

xy-plane to produce a diamond slab, and both (111) surfaces are terminated

by the (2 × 1) reconstruction and graphene sheets to prevent electric field

effects which could arise from structural asymmetry in the graphene-on-diamond

unit cell. A vacuum layer ∼30�A thick was introduced above the diamond

surface to separate the slabs that repeat in the surface normal direction, thus

forming alternating layers of diamond and vacuum. Optimisation calculations

of this structure allowed the atoms to adjust their positions until the maximum

force on any atom was less than 1× 10−3Ha/a0. Optimisation causes the

graphene sheets to move to a stable distance of ∼6.46 a.u. (3.42�A) away from

the diamond surface to avoid buckling. This distance is only slightly larger than
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the graphite interlayer distance of 3.35�A. The bond lengths in first (1 × 1)

diamond layer, immediately under the (2 × 1) reconstructed surface, deviate

from the typical C−C bond length of 1.54�A by approximately 0.1�A, as the

optimisation allows the structure to relax. The band structure calculation is

sampled from the surface reciprocal space by an 8 × 4 Monkhorst-Pack grid.

As mentioned in section 4.2.2, the (111)(2 × 1) diamond surface can have up

to three rotational domains of the (2× 1) reconstruction (rotated by 120° with

respect to each other) statistically distributed over the diamond surface. These

other reconstruction domains were essential for modelling the diamond-graphene

interface, as the ARPES sampling spot size was 500 µm×500 µm and so certainly

recorded photoemission data from all three domains. No significant difference

in the band structure were found between the three rotational domains. In

Aimpro, the electronic states are represented by lines indicating the average

energy-momentum dispersion without spectral broadening effects. In order to

directly compare the DFT modelling of the density of states, the bare bands must

be broadened in energy to account for the inherent photoemission process and

experimental effects; the theoretical description of band broadening in ARPES,

implemented by Dr Simon Cooil is as follows: the spectral weight, i.e. the

relative intensity of the energy level relative to total intensity of the spectrum,

in terms of binding energy Eb and electron momentum k is mathematically

described as

I(E, k) = I0 ·A(E, k) · fFD(E) (5.1)

where I0 is the incident photon energy and experimental geometry-dependent

matrix element, fFD(E) is the Fermi-Dirac distribution, and A(E, k) is the

single-particle spectral function that describes the energy-momentum relation

of an electron in a solid. The A(E, k) term was used to apply the band
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broadening correction to the bare bands of Aimpro’s DFT calculation, and

is mathematically described as

A(E, k) = − 1

π

Σ

(E − ε0)2 + Σ2
(5.2)

where ε0 is the bare band energy dispersion and Σ is a variable representing

the complex self-energy parameter that describes all the electron-electron

interactions that take place in a solid according to Landau’s Fermi liquid theory

[29, 215]. Not shown in the equation is a Gaussian distribution convolution to

A(E, k) to account for thermal broadening due to the experiment being run at

291 K. For this work, Σ = 0.2 eV and the FWHM of the Gaussian convolution

was 0.5 eV. Finally as alluded to in equation 5.1, ARPES is only capable of

measuring the occupied density of states below the Fermi level, therefore the

spectral function broadened bands are passed into the Fermi-Dirac function in

order to account for the lack of photoemission intensity above the Fermi level.

The Fermi-Dirac function is given by

fFD(E, T ) =
1

e(E−µ)/kBT + 1
(5.3)

where µ is the chemical potential (i.e. the Fermi level energy), kB is Boltzmann’s

constant, and T is the temperature of the sample (i.e. 291 K) [56]. Figure 5.7

shows a composite of experimental ARPES data and theoretical DFT modelling

of the diamond (111)(2 × 1) surface in the KΓK direction in reciprocal space.

The coloured lines overlaid on the figure represent the bare bands as calculated

by Aimpro, and are included in order to guide the eye toward the important

features in the data, notably the bulk and surface states. The grey scale images

show the K-space corrected photoemission intensity from the previous ARPES

study at the SGM 3 beamline, and the spectral function broadened DFT-
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Figure 5.7. The band structure of the KΓK reciprocal space direction from the
(111)(2 × 1) diamond surface, as obtained by (Left) ARPES data (hν = 125 eV) [56]
and (Right) a spectral function broadened modern DFT calculation. The bare bands
of the DFT calculation are shown (red = bulk, blue = surface state).

calculated electronic states from this work (see equation 5.2). Immediately it is

obvious that there is good agreement between the experimental and theoretical

data in terms of the band dispersions. In the centre of the image at K|| = 0�A
−1

,

the σ-band from bulk diamond is observed, rising up to ∼0.35 eV binding energy

below the Fermi edge, in both the ARPES and broadened DFT-calculated

bands. Moving away from the BZ centre, the σ-band decreases in energy

to a minimum at K|| = 1.44�A
−1

. On the other hand, the π-band from the

(111)(2 × 1) surface state, whilst initially following the same dispersion as the

highest occupied bulk bands, diverges and begin to increase in energy. When

the σ-band reach a minimum, the surface π-band reaches an energy maxima

and intersects the Fermi level at the K high-symmetry point in the diamond

(111)(2 × 1) BZ. The photoemission intensity (both real and simulated) drops

to zero beyond the Fermi level, but the un-broadened π-band can be seen to
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increase above the Fermi level by 15 meV. With broadening, this shows that

the diamond (111)(2 × 1) surface is in fact metallic, and the experimental

ARPES data appears to support this conclusion. The modelling using the

modern Aimpro code agrees with earlier modelling attempts on the (111)(2×1)

surface by multiple groups such as Kern et al. and most recently, Marsili et al.

[166–169], which also predict a metallic surface. ARPES data obtained from

the diamond (111)(2× 1) surface by Graupner et al. instead show that a band

gap of at least 0.5 eV between occupied and unoccupied π-states remains at the

K point [170]. Conversely the ARPES results obtained by Cooil et al. at the

ASTRID SGM 3 beam line agree with the DFT modelling in the literature and

the Aimpro calculation conducted for this work. Such a strong reconciliation

between the experimental and theoretical density of states of the diamond

(111)(2 × 1) surface has not been demonstrated previously in the literature

by a single research group.

5.2.2 High Temperature Graphitisation of Diamond

The high temperature catalyst-free graphitisation of the diamond (111) surface

was attempted on the insulating HPHT diamond. The XPS data presented here

was obtained in the home laboratory. Following the procedure to reconstruct

the (111) surface described in section 5.2.1, the insulating HPHT diamond was

rapidly heated to 1000 ◦C. The REES/Transfer valve was opened and the main

system turbo pump was used for additional pumping as the chamber walls and

Boralectric heater outgas significantly above 1000 ◦C. The sample was then

‘flashed’ to 1100 ◦C three times before cooling to 800 ◦C where the pressure

allowed to recover below 5× 10−9 mbar. The sample was then cooled below

80 ◦C for XPS analysis. Figure 5.8 shows the XPS survey scan and C 1s high

resolution scan of the insulating HPHT diamond surface post-graphitisation.
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Figure 5.8. XPS spectra of the insulating (111) diamond surface after heating to
1100 ◦C. Left: A survey scan showing the C 1s peak from the diamond, and the Ta
peaks from the sample holder. Right: A high resolution scan of the C 1s core level.
The red inset trace show the normalised residual RN (E). Table 5.4 shows the fitting
results for this spectrum.

Component Position /eV FWHM / eV
∑

GL ratio At%

C–C sp3 285.1 1.1 0.47 89.4
C=C sp2 284.1 1.1 0.47(*0.14) 10.6

Table 5.4. Fitting results for the spectra in Figure 5.8 (*Asymmetry parameter)

The survey scan of the graphitised (111) surface shows no noticeable difference

from the reconstructed surface shown in figure 5.5. The high resolution scan

of the C 1s core level shows the same components of carbon: the C−C sp3

peak at 285.1 eV and the C−−C sp2 peak at 284.1 eV. The C−−C sp2 component

has a small degree of asymmetry (∼0.14) meaning that metallic conductivity,

characteristic of graphene, has been achieved. This component doubled in area

after the sample is heated to 1100 ◦C, from 5.4 % to 10.6 % of the total C 1s

area. The difference between sp2 carbon in the surface reconstruction and the

graphene sheet cannot be determined by peak position as the chemical shift

between these states is less than the resolution of the HSA at this pass energy

(∼0.2 eV). This means that this component must account for two structures

112



Chapter 5. Graphitising the (111) Diamond Surface

of sp2 carbon: the buckled (111)(2 × 1) reconstruction, and the flat graphene

sheet. If the area of the sp2 peak in figure 5.5 represents a single layer of sp2

carbon due to the reconstruction, then it follows that a doubling of this area

must be the graphene sheet, as two layers of reconstruction is not possible and

sub-surface reordering has not been demonstrated within the literature.

The co-existence of the graphene and (2 × 1) reconstruction on the diamond

(111) surface was also previously demonstrated by Cooil et al. with ARPES

measurements on the SMG 3 beamline; again, full details of the experimental

procedure can be found in reference [56]. The ARPES measurements clearly

show a Dirac cone along the KgMKg direction in reciprocal space. In this work,

the band structure for the KgMKg direction for the graphene-on-(111)(2 × 1)

diamond surface was calculated using Aimpro in order to provide theoretical

support. As previously shown in section 5.2.1, band broadening with the

spectral function was also applied to the KgMKg modelling. Figure 5.9 shows

a composite of experimental ARPES data and theoretical DFT modelling of

the diamond (111)(2 × 1) surface in the KgMKg direction in reciprocal space.

At K|| = 0�A
−1

, the bulk bands of the (111) diamond are seen in the DFT

modelling as the M point in the graphene sits atop an equivalent Γ point in

the bulk diamond. Spectral broadening has only been applied to the surface

state, which in this case is the graphene π-band. Similar to data shown in figure

5.7, there is remarkable agreement between the ARPES data and the DFT

modelling when one considers the band dispersions. The graphene Dirac cones

are clearly observed, centred at the Kg points in the graphene BZ. Kg is observed

at K|| = 0.805�A
−1

with a Kg → Kg distance of 1.61�A
−1

, which is typical of

graphene. The Dirac cones are clearly seen intersecting the Fermi level both in

the DFT simulation and, as can be seen by the high contrast inset, the ARPES
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Figure 5.9. The band structure of the KgMKg reciprocal space direction from the
graphene on (111)(2 × 1) diamond surface, as obtained by (Left) ARPES data (hν =
45 eV) [56] and (Right) a spectral function broadened modern DFT calculation. The
bare bands of the DFT calculation are shown (red = bulk, blue = surface state). Inset:
the tip of the Dirac cone in ARPES scaled in intensity for clarity.

data. This agreement provides strong evidence, in conjunction with the XPS

data from the home laboratory, that high quality epitaxial graphene is formed

on the diamond (111) surface in coexistance with the (2 × 1) reconstruction

with high temperature graphitisation. In pristine, undoped, and unbuckled

graphene, the binding energy of the graphene π-band at the M -point should

equal ∼3 eV. However, in both the ARPES and DFT modelling of graphene on

the diamond (111)(2 × 1) surface, the graphene π-band only reaches a binding

energy of ∼2.4 eV, with no corresponding shift in the Dirac cones. This up-shift

in binding energy is not observed at the Kg points, meaning that the dispersion

around Dirac cones has been altered. This up-shift of the π-band at the M -
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point (and by extension, a flattening of the KgMKg dispersion) can potentially

be attributed to an increased third-nearest atomic neighbour coupling due to

either uniaxial pressure, shear, or strain forces, doping, or more likely in this

situation, an increased graphene-substrate interaction [216, 217].

5.3 Chapter Conclusion

In this chapter, the high temperature catalyst-free UHV graphitisation of the

diamond (111) surface has been investigated, as well as intermediate stages

during a heating cycle to 1000 ◦C. Two diamonds, a Type IIb natural diamond,

and a Type Ia HPHT diamond were polished to within 1° of the (111)

crystallographic plane, to a near-atomically flat finish. After polishing and

heating to 300 ◦C in UHV, the (111) surface is covered by a monolayer of

oxygen and hydrogen containing species. High resolution XPS scans of the C

1s and O 1s reveal a surface covered in alcohols (C−OH), ketones (C−−O), and

carboxyls (O−−C−OH) in a ∼73:23:4 ratio. Heating the diamond beyond 300 ◦C

slowly desorbs oxygen from the surface which is rapidly replaced by hydrogen

in the UHV chamber or from the Boralectric heater plate. Above 900 ◦C, no

oxygen groups remain chemisorbed to the diamond surface, and a hydrogen

terminated surface is formed. This is confirmed by a complete lack of an O 1s

peak (although a small O KLL remains), and by a single C−C/C−H component

in the C 1s peak. LEED images, taken of the diamond surface after heating

to 900 ◦C, demonstrate that a reconstruction has not occurred by exhibiting a

single corrugated hexagon pattern indicative of a (111)(1× 1) surface.

In order to study the Pandey-chain (2 × 1)-reconstruction of the diamond

(111) surface, temperatures exceeding 930 ◦C in UHV are required. Above
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this temperature, hydrogen can no longer remain bound to the surface and

desorbs. The surface, unable to be stabilised by hydrogen adsorption, undergoes

reconstruction into a (2 × 1) crystallographic motif. High resolution scans of

the C 1s show a small C−−C sp2 component on the lower binding energy side

of the main C−C sp3 component and, in the case of an insulating type Ia

HPHT diamond, surface charging is compensated by the increased conductivity

of the surface due to the reconstruction. LEED images taken on the type IIb

diamond after 950 ◦C provide more striking evidence, as a doubling of the surface

periodicity is observed in only two directions on the (111) surface. The third

reconstruction domain is inhibited by the surface topography created by the

polishing process which, whilst atomically flat in the polishing direction, likely

formed an increased number of atomic terraces in the perpendicular direction

which have a reconstruction breaking effect. The band structure of (111)(2× 1)

diamond surface has also been investigated with DFT modelling using the

Aimpro code. Band structure modelling has been compared to previously

acquired ARPES data from ASTRID’s SGM 3 beamline by Cooil et al. Further

broadening of the DFT bare bands using the spectral function and convolution

with the Fermi-Dirac function allowed a simulated ARPES data set to be

produced. Along the KΓK direction in the diamond (111)(2 × 1) BZ, there

is good agreement between the experimental and theoretical data. The high

symmetry K points have been shown to extend past the Fermi level meaning

that the (111)(2×1) surface is metallic, in contrary to the most recent published

ARPES data by Graupner et al. which showed a bandgap at least 0.5 eV wide.

This work is the first modern evidence reconciling both experimental ARPES

and theoretical calculations of the band structure for the (111)(2× 1) surface of

diamond.
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Experiments conducted on a type Ia HPHT diamond in the home laboratory

have demonstrated UHV catalyst-free graphitisation of the (111) surface after

reconstruction. The HPHT diamond was heated to 1100 ◦C in UHV to induce

graphitisation. XPS analysis of the C 1s peak shows that the surface C−−C

sp2 component doubles in intensity after the heating cycle, which has been

interpreted as two separate components overlapping each other due to their

similar binding energies: one corresponding to the surface reconstruction, and

another from a graphene monolayer. This implies that the graphene coexists on

top the reconstructed diamond surface. Once again, ARPES results from Cooil

et al. and DFT calculations from this work provide the strongest evidence for

the graphene-reconstruction co-existence. The ARPES data acquired on the

graphitised type IIb natural diamond revealed a Dirac cone extending up to the

Fermi level along the KgMKg direction in the graphene BZ. In this work, the

band structure for the same direction was simulated using DFT and resulted in

a superb agreement in the dispersion of the π-band. The Dirac cones extend

up to and beyond the Fermi level both in the experimental dataset and the

DFT modelling at K|| = 0.805�A
−1

. An upshift in the M -point energy at K|| =

0�A
−1

has been attributed to an increased third-nearest neighbour coupling in

the graphene, inferring a strong graphene-substrate interaction. The graphene-

reconstruction co-existance has not been shown previously in the published

literature, until Cooil et al. performed up-to-date ARPES measurements on

the graphitised (111) diamond surface. Increasingly so in the literature, the

importance of modelling to complement experimental measurements in materials

and condensed matter physics, is being realised. The DFT modelling conducted

in this work re-affirms the validity and conclusions of the ARPES dataset,

providing a strong case for publication.
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Iron-mediated Graphitisation

6.1 Iron-on-Diamond

Deposition of Fe overlayers on diamond (111) and SiC surfaces was achieved

using a Knudsen evaporation cell, built to the specification outlined in section

3.3.2. The precise controllability of deposition rate exhibited by the home-made

K-cells allowed Fe films from tens of nanometres thick to single monolayers of

Fe atoms to be fabricated. During depositions, REES was utilised to monitor

a core level originating from the substrate in order to ascertain the Fe growth

mode and attenuation of the photoelectron intensity from the substrate. The

technique can also reveal changes in the surface charging of insulating materials,

which in turn can be used to qualitatively infer the conductivity of an overlayer.

6.1.1 Deposition

For the study detailed in section 6.2.1, an Fe film was required that was thick

enough to completely attenuate the diamond C 1s peak. Using the NIST

EAL database [218], it was calculated that to reduce the C 1s to <0.1 % of

its initial intensity, an Fe overlayer of at least 8.1 nm was required. Figure
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Figure 6.1. REES data acquired during deposition of a 12 nm thick film of Fe. a)
Raw snapsot spectra of the C 1s core level with respect to deposition time. The kinetic
energy for the C–C and Fe–C components during deposition are shown by the annotated
black lines. b) A semi-logarithmic plot showing the exponential attenuation of C 1s
photoelectron intensity during Fe deposition.

6.1a shows 2d plot of C 1s snapshot spectra acquired during deposition of a

12 nm-thick overlayer of Fe on moderately boron-doped diamond. The main

C−C sp2 component is significantly attenuated during the deposition and no

peak shift is observed. As the substrate is buried, the small Fe-C component

eventually becomes the dominant peak at ∼6 h. Figure 6.1b is a normalised

semi-logarithmic plot of the C 1s peak intensity with deposition time. This

attenuation has been fitted with two linear slopes. The need for two linear fits is

due to an increase in the K-cell deposition rate brought about by a small increase

in power around the 2 h mark. The gradients of these fits, i.e. the attenuation

rate α, are −0.62 h−1 (blue line) and −0.73 h−1 (red line). According to the

NIST EAL database [218] the averaged EAL, λ, of C 1s photoelectrons in an

Fe overlayer is 1.20 nm. The deposition rate, D, of the K-cell is described by

D = −αλ. (6.1)
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Using equation 6.1, the deposition rates in Figure 6.1b are 0.75 nm h−1 and

0.88 nm h−1 respectively. After 5 h of deposition, the C 1s intensity is so low,

that the accuracy of the fit begins to fail, hence the increased spread of data

points in this region. Figure 6.2 shows the XPS survey scan and Fe 2p peak

of the 12 nm Fe overlayer. The survey scan shows the primary and Auger

photoelectron peaks of Fe with no other contaminating species. The C 1s peak

from the substrate has been fully attenuated. The high resolution Fe 2p scan

Figure 6.2. XPS spectra of a 12 nm-thick film of Fe. Top: A survey scan showing the
principal Fe photoelectron peaks. Bottom: A high resolution scan of the Fe 2p core
level. The red inset shows the residual R(N). Table 6.1 shows the fitting results for
this spectrum.
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Component Position /eV FWHM / eV
∑

GL ratio Doublet Ratio

Fe 2p3/2 706.7 2.2 0.75(*0.57) 1

Fe 2p1/2 719.7 2.6 0.75(*0.57) 0.45

Table 6.1. Fitting results for the spectra in Figure 6.2

shows the two spin-orbit coupled components (j = 1/2, 3/2) with an area ratio of

0.45 : 1, which is near the expected area ratio of 0.5 : 1. The two components

are due to bulk Fe (i.e. Fe–Fe), with no evidence of any other Fe-containing

species. The initial stages of depositing a thin 1.25 nm Fe overlayer has also

been reported. Figure 6.3 shows an XPS survey scan and C 1s peak of a 1.25 nm

Fe overlayer on moderately boron-doped diamond. The key difference in the

survey scans between a thick and thin overlayer of Fe is the presence of the

C 1s from the underlying diamond (111) surface. The high resolution C 1s

Figure 6.3. XPS spectra of a 1.25 nm-thick film of Fe. Top: A survey scan showing
the principal Fe photoelectron peaks and C 1s from the diamond substrate. Bottom:
A high resolution scan of the C 1s core level revealing a Fe-C component. The red inset
shows the residual R(N). Table 6.2 shows the fitting results for this spectrum.

Component Position /eV FWHM / eV
∑

GL ratio At%

C–C sp3 284.8 1.1 0.69 95.6
Fe–C 282.9 1.6 0.69 4.4

Table 6.2. Fitting results for the spectra in Figure 6.3
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scan reveals a component on the low binding energy side of the main C−C sp3

component (∆ =−1.9 eV) which is attributed to the iron carbide (FeC) interface

between the Fe and the diamond surface.

6.1.2 Structural and Electronic Transition

As reported in section 5.2.1, an insulating diamond surface will undergo a

charging effect at the surface which reduces the kinetic energy of photoelectrons

ejected from the surface. This charging effect is inhibited by creating a ‘shorting’

path on the surface with a conducting structure, which a (2× 1)-reconstruction

will provide. A metallically-conducting overlayer will also have the same effect.

Figure 6.4a shows a 2d plot of C 1s snapshot spectra acquired during deposition

of a 1.75 nm-thick overlayer of Fe on an insulating HPHT diamond surface.

Before deposition the C 1s peak resides at 966.3 eV, which is ∼−2 eV compared

to (1×1) moderately boron-doped diamond (111) surface, indicating a significant

amount of surface charging. During the first 20 min of Fe deposition, the

intensity of the C 1s peak first increases before the expected attenuation begins,

and the peak shifts toward higher kinetic energy. Significant surface charging

reduces the overall photoemission intensity from a given core level (and the

inelastic background). So it follows that as surface charge is compensated

and given a path to ground via the iron overlayer, the C 1s intensity would

actually increase before the attenuating effects of the overlayer begin to manifest.

Therefore, the maximum C 1s intensity actually occurs at ∼0.5 nm. In figure

6.4b, the peak shift with respect to the overlayer thickness has been plotted.

As well as the overlayer thickness calculated from the K-cell calibration, the

number of complete monolayers of Fe (according to the pseudo-morphic fcc

growth mode) is shown at the top of the plot by the blue numbers and dashed

lines. The C 1s does not reach its ‘true’ binding energy until at least three
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Figure 6.4. REES data acquired during deposition of a 1.75 nm thick film of Fe on an
insulating HPHT diamond. a) Raw snapshot spectra of the C 1s core level with respect
to deposition time. b) The C 1s peak position with respect to Fe overlayer thickness
(and Fe layer number, shown by the blue numbers at the top). The blue and red lines
represent two linear fits with differing gradients.

layers of iron have been deposited. The rate of kinetic energy shift appears to

be different during the first three layers of Fe. The growth of layers one and

two results in a linear shift of kinetic energy shown by the red and blue lines

in figure 6.4b. At this stage, the Fe overlayer is unable to fully compensate

for the diamond surface charging, even when a full layer of iron coverage has

been achieved. This may be due to the conductivity characteristics of metals at

ultra-thin thicknesses, that is, metal sheet resistivity increases with decreasing

thickness. The reduced conductivity (hence increased resistivity) of the complete

Fe monolayer and ultra-thin Fe film can likely be attributed to the Fuchs and

Sondheimer model of electron scattering near metal surfaces [219, 220]. Layer

three sees a reduction in the kinetic energy shift as the true value of the C 1s is

approached. Above three layers, the Fe overlayer is fully compensating for the

surface charging, which indicates that the Fe has a sufficient number of charge

carriers and a direct path to ground in order to replace the electrons lost in

the photoemission process. However, this does not necessarily mean that the
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iron is exhibiting bulk conductivity – this would require surface conductivity

measurements which have not been conducted at this time. Figure 6.5 shows

the result of a LEED measurement taken from a 12 nm-thick Fe overlayer on

a (111)(2 × 1) diamond surface after heating to 450 ◦C. The temperature was

selected in order to anneal the Fe overlayer without inducing graphitisation. It

has been shown previously that the Fe initially deposits in a disordered pseudo-

morphic (111) motif, but heating the Fe film above 300 ◦C (as shown later in

section 6.2) provides enough thermal energy for dislocations, point defects, and

stacking faults to be annealed out of the film. Furthermore, the most stable

polymorph of Fe below the Curie temperature is bcc [221], so annealing allows

the Fe to undergo a phase transition from the metastable pseudo-morphic fcc

to stable bcc. The LEED pattern observed in figure 6.5 is the result of the

Fe (110) bcc lattice being constrained by the fcc diamond lattice. As shown

in previous studies by Cooil et al. [20, 56], the Fe is able to lattice match in

two dimensions, such that the bcc [110] and fcc [211] directions are parallel as

well as their orthogonal counterparts in the surface plane. The surface unit

Figure 6.5. a) LEED pattern of an Fe overlayer on a (111)(2×1) diamond surface after
heating above 440 ◦C, exhibiting at least two-rotational domains of a bcc (110) structure.
Electron energy shown in top left. b) A simulated LEED pattern demonstrating a
Nishiyama–Wassermann orientated bcc iron (110) reciprocal lattice on a fcc diamond
(111)(1× 1) reciprocal lattice. Subfigure (b) is adapted from [56]
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cell for the bcc (110) plane is a rhombus where |−→a | 6= |
−→
b |, meaning that the

reciprocal space LEED pattern will appear as stretched hexagon. This pattern

is able to map on to the fcc (111) diamond surface three times where each

domain is rotated 60° with respect to each other. This bcc−fcc interface, which

was first proposed by Nishiyama [222] and Wassermann [223] (NW), results

in the simulated LEED pattern shown in figure 6.5b [20, 56]. However, the

experimental LEED pattern shown in figure 6.5a is missing some of the expected

spots. As this is a thick iron film, the (1×1) and (2×1) spots from the underlying

diamond are not visible. As seen in section 5.2.1, the LEED pattern from the

(2 × 1) is missing spots from one particular rotational domain, meaning that

the diamond surface has only reconstructed in two directions. For Fe deposited

on a (1 × 1) surface, the three rotational bcc domains would be expected to

occur roughly an equal number of times, meaning that the NW LEED pattern

would have the same intensity across all the spots. The missing spots in figure

6.5a correspond to the bcc domain that would be aligned with the missing

reconstruction domain on the diamond surface. This alludes to an important

step in the iron-mediated graphitisation process, as the iron overlayer is capable

of transferring the crystallographic register of the diamond surface, in this case

a (111)(2 × 1) diamond reconstruction with two predominant reconstruction

domains.

6.2 Catalytic Graphitisation of Diamond

6.2.1 Intrinsic Graphene Growth

The results in this section follow on from the Fe deposition data presented in

figures 6.1 and 6.2 on a semiconducting (111)(2×1) diamond surface. Figure 6.6

shows a REES acquisition taken during a heating and cooling cycle from ∼20 ◦C
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to ∼685 ◦C of a 12 nm Fe overlayer deposited on a semiconducting (111)(2× 1)

diamond surface. Snapshot spectra of the C 1s and Fe 2p3/2 peaks have been

fitted and the area intensities have been plotted against the temperature at

which the spectra were recorded at. The spectra were recorded every 15 seconds

using an analyser pass energy of 100 eV to maximise count rate. The four regions

(A, B, C, and D) in figure 6.6 signify temperature ranges where the behaviour of

the C 1s and Fe 2p3/2 intensities changes, therefore highlighting a growth stage

in the graphitisation process. Region A extends from 30 ◦C to 510 ◦C. In this

Figure 6.6. Normalised intensities of the C 1s and Fe 2p core level acquired from a
12 nm thick overlayer of Fe on diamond during a heating-cooling cycle. The maximum
temperature reached during the heating cycle was 685 ◦C. Four regions (A, B, C, and D)
are identified, corresponding to different key stages during the graphitisation process.

temperature regime, the C 1s peak intensity does not change at all, whereas the

Fe 2p3/2 peak steadily increases from ∼70 % to ∼95 % of its maximum intensity.

At 320 ◦C and 440 ◦C, the temperature ramp was briefly halted as evidenced

by the large density of data points at these temperatures. The increase in

Fe 2p3/2 photoelectron yield is attributed to an improvement of the Fe film

crystallinity with annealing (i.e. channelling, imrovement in EAL, etc.), as it

transitions from a disordered pseudomorphic (111) fcc structure to a highly-
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ordered single crystal (110) bcc structure, supported by LEED data in section

6.1.2 and previous studies of iron phase transitions [20, 56]. The increase in

the photoelectron yield at 320 ◦C and 440 ◦C when the temperature is constant

confirms that temperature-related effects to photoemission yield can be ruled

out (although core level broadening / lineshape changes due to temperature is

not observed for metal samples [29, 224]). Region B represents a smaller range

of temperatures between 510 ◦C and 625 ◦C where the C 1s intensity begins to

increase rapidly. In this temperature regime, the hot iron layer catalytically

breaks the sp3 carbon bonds at the diamond surface and accepts interstitial

carbon atoms into its lattice due to its increased carbon solubility. As more

carbon is accepted into the iron overlayer from the iron-diamond interface, the

interstitial carbon is transported toward the iron-vacuum interface. It follows

then, that the increase in the C 1s intensity in region B is due to interstitial

carbon moving into the XPS analysis volume from the deepest analysis depth

around 3λ. The Fe 2p3/2 intensity reaches its maximum in this regime, indicating

that the phase transition from fcc to bcc is complete at ∼550 ◦C. Region C starts

at 625 ◦C and stops at the maximum temperature of 685 ◦C (although the lowest

reported onset temperature for this regime is as low as 500 ◦C [20]). The C 1s

intensity begins to increase rapidly as more and more carbon is transported into

the analysis volume and toward the surface. In this region, the Fe 2p3/2 peak

begins to decrease in intensity as carbon reaches the surface and recrystallises

into graphene. The attenuation of the Fe 2p3/2 peak can be used as a rough

estimate to determine when a full layer of sp2 carbon covers the iron surface.

Using the NIST EAL database [218] and an average λ = 1.51 nm, the Fe 2p3/2

peak is expected to attenuate by (20± 10) % for a 0.335 nm overlayer of carbon.

The large uncertainty is due to the inherent inaccuracy of the calculated EAL. In

region D, the temperature ramp is quickly reversed to quench the graphitisation
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Figure 6.7. a) A high resolution scan of the C 1s core level from graphene on a 12 nm
Fe overlayer on diamond after graphitisation. The red inset shows the residual R(N).
Table 6.3 shows the fitting results for this spectrum. b) A LEED pattern acquired after
graphitisation on the same surface.

reaction and prevent a multilayer graphene structure from forming. Following

the heating and cooling cycle, XPS and LEED was conducted below 50 ◦C,

shown in figure 6.7, to determine whether graphene had been produced. A

high resolution spectrum of the C 1s core level post-graphitisation can only

be fitted with a single asymmetric C−−C sp2 component, with no additional

components at higher or lower binding energies which would correspond to oxide

and carbide species respectively. The lack of a strong π−π∗ transition at ∼290

eV (which arises from interaction of the π-bonds between multiple graphene

sheets [225, 226]) rules out multilayer growth. The C−−C sp2 component is

centred at 284.9 eV which is significantly higher in binding energy compared to

the typical value of sp2 carbon of ∼284 eV [225, 226]. This increase in the C 1s

Component Position / eV FWHM / eV
∑

GL ratio At%

C−−C sp2 284.9 1.4 0.71(*-0.23) 100

Table 6.3. Fitting results for the spectra in Figure 6.7a. (*Asymmetry)

128



Chapter 6. Iron-mediated Graphitisation

binding energy indicates a strong interaction between the graphene layer and the

underlying iron which induces n-type doping in graphene, an effect which has

been observed in previous studies on this surface [20]. Metal-induced doping

has also been observed experimentally, for example in ARPES measurements

taken from CVD graphene on a Fe (110) substrate [227] and DFT modelling

of graphene-metal contacts [228]. A LEED pattern was also acquired post-

graphitisation and reveals a (1× 1) hexagonal pattern typical of graphene. The

diffraction spots have the same intensity indicating a flat 2-dimensional structure

(in constrast to the corrugated layers of the (111) diamond plane) and only

a single rotational domain is present that is in registry with the underlying

diamond surface (see figures 5.4 and 5.6 for LEED patterns on diamond surface).

As the incident electron beam spot is on the order of millimetres, a similar-sized

area is also sampled during LEED analysis, meaning that the graphene produced

here has excellent crystallinity over a large area.

6.2.2 Boron-doped Graphene Growth

For the work conducted in sections 6.2.1 and previous diamond-related work

conducted by the Aberystwyth materials research group, a moderately-doped

(111)-orientated diamond was used [17, 20, 56]. The boron-doping level for

this natural diamond is estimated to be ∼1016 cm−3, which is enough to make

the diamond semi-conducting evidenced by a lack of significant charging on

the sample surface during XPS analysis. In atomic composition percentage,

the amount of boron in the carbon matrix is ∼0.000 01 % which is far below the

detection limit of the analyser (and the XPS technique in general). Using MgKα

x-rays, the detection limit for boron in a carbon matrix is 1 at% calibrated to

a maximum intensity of 105 counts/s of the Ag3d5/2 peak from clean Ag [212];

this corresponds to a boron concentration greater than 1.8× 1021 cm−3.
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A heavily boron-doped diamond grown using microwave plasma-assisted CVD

(MPCVD) by the Kawarada group at Waseda University (Japan) [229] was

provided for a catalytic graphitisation experiment. The sample consisted of

a 3×3 mm insulating type IIa diamond with a 300–400 nm heavily boron-

doped diamond (HBDD) layer grown by MPCVD onto the (111) surface. The

diamond was shipped from Japan immediately after growth, so the surface

was expected to be H-terminated. Upon arrival, the HBDD surface was first

cleaned by sonication in acetone for 10 min, then rinsed with IPA, and blow-

dried with nitrogen gas. The HBDD surface was studied using C-AFM and

Raman spectroscopy to determine the r.m.s. roughness and the boron doping

concentration [B] respectively. Figure 6.8 shows the C-AFM results from the

HBDD. The r.m.s. roughness was ∼3.67 nm, calculated by Gwyddion SPM

software [230] using the full area of the scan. Raman spectra were acquired

using a 532 nm laser source, operated at 10 mW at an objective lens with ×100

magnification. A gate time of 60 s over 10 accumulations was required to achieve

an acceptable signal-to-noise. Figure 6.9 shows a ex-situ Raman spectra taken

before graphitisation from the HBDD surface between 100 and 3000 cm−1. The

main Raman line for diamond does not appear as a single peak at 1332 cm−1,

but rather as a broad shoulder on the higher wavenumber side of the broad peak

at 1166.7 cm−1, labelled L2. The precise diamond Raman line position cannot

be determined, however the downshift and asymmetric broadening is due to

two reasons. The high concentration of boron in the diamond lattice would

result in semiconductor degeneracy of valence states near the Fermi level, and

the diamond would begin to act like metal in terms of conductivity. Electronic

scattering from this continuum of states near the Fermi level interacts with

the discrete diamond Raman line resulting in a phenomenon known as Fano
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Figure 6.8. C-AFM images taken from the surface of the Waseda (111) HBDD. (a) A
1×1 µm C-AFM scan and (b) a 3d representation of the HBDD surface. Note that the
vertical scales have been exaggerated. (c) A line profile extracted from the red path in
(a). The surface height varies up to ∼20 nm but the r.m.s. roughness as calculated by
Gwyddion is 3.67 nm.

resonance, which broadens the diamond Raman line and imparts significant

asymmetry. The downshift of the diamond Raman line is likely due to a

deformation of the lattice as boron is preferentially incorporated along (111)

direction [231, 232]. Another large broad peak at 431.2 cm−1 L1 dominates the

spectrum at lower wavenumbers, and there also appears to be several smaller

features between L1 and L2. L1 has been attributed as a boron-related feature

and L2 is a C−C vibration mode; both features are characteristic of HBDD

[233]. The position of the L1 feature, νL1, as determined by a Lorentzian peak

fit can used to calculate the boron concentration [B] (cm−3) of the diamond by
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using the equation [234]:

[B] = 8.44× 1030 exp−0.048νL1 (6.2)

Using equation 6.2, the boron concentration of the Waseda diamond was

calculated to be (8.66± 3.32)× 1021 atoms/cm3. Above 1300 cm−1, charac-

teristic Raman modes of non-diamond carbon are observed, namely the D

(1358.5 cm−1), G (1584.8 cm−1), and 2D (∼2710 cm−1) peaks. This non-

diamond carbon is likely a result of the MPCVD growth process, as high

concentrations of boron have been known to increase the likelihood of grain

boundaries and growth defects in diamond films. For example, in micro-

and nanocrytalline diamond films, boron has been observed to accumulate in

grain boundaries [235]. The HBDD sample was then loaded into the REES

system and heated to 340 ◦C to drive off any adventitious carbon and oxygen

Figure 6.9. Raman spectrum between 100 cm−1 and 3000 cm−1 for the HBDD before
it was introduced to the UHV system. The positions of the graphite-related features,
D, G, and 2D as well as the boron-related features L1 and L2 have been labelled.
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Figure 6.10. XPS spectra of the HBDD surface after heating to 340 ◦C. Top: A
survey scan showing the C 1s peak from the diamond, O 1s from the surface oxides,
and the B 1s peak from the boron-dopant. Bottom: High resolution scans of the C 1s
(left) and B 1s (right) core levels. The red inset traces show the residual R(E). Table
6.4 shows the fitting results for these spectra.

groups. Figure 6.10 shows the XPS survey scan, C 1s, and B 1s core level

scans after heating to 340 ◦C. The expected C 1s, C KLL, and C 1s ghost

features from the predominate carbon matrix are observed in the survey spectra.

Diamond surfaces that emerge from a CVD reactor are typically H-terminated,

however there appears to be a significant oxygen contribution, evident from the

O 1s and O KLL peaks which account for 4.0 at%. The peak at ∼1066 eV
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Component Position /eV FWHM / eV
∑

GL ratio Area / kcpseV

C 1s

C–B / C−−C sp2 282.5 1.4 0.70 18.2
C–C sp3 283.7 1.4 0.70(*-0.59) 86.3
CxOy 285.4 1.4 0.70 3.9

B 1s

B–B 186.4 2.2 0.30 5.1
B–C 188.2 2.2 0.30 2.1
BxOy (x/y <1.5) 191.3 2.2 0.30 0.74

Table 6.4. Fitting results for the spectra in Figure 6.10 (*Asymmetry).

KE is the B1s core level and accounts for 6.6 at% of the analysis volume.

High resolution scans of the C 1s reveal a highly asymmetric C−C sp3 peak

at 283.7 eV, which is ∼0.2 eV below the flat-band binding energy for semi-

conducting diamond (i.e. 283.9 eV) [236]. This means that the Fermi level

resides within the valance band, as expected of metallic conductors. The C−C

sp3 component was fitted using a floating asymmetric factor which converged

on a value near to that of pure Fe (see table 6.1) further confirming the metallic

conductivity of the diamond. Compared to the oxygen-terminated moderately

boron-doped diamond in section 5.1.1 (see figure 5.2), the C−C sp3 binding

energy is shifted by −0.5 eV in the HBDD. This C 1s energy shift has been shown

to be closely related to the boron concentration in the diamond lattice. For a

similar single-crystal (111) HBDD with [B] =∼2× 1021 atoms/cm3, Yokoya et

al. demonstrated using ARPES that the Γ-point in the diamond reciprocal space

shifted (0.4± 0.2) eV above the Fermi level [140]. This energy shift between the

diamond Γ-point and Fermi level is roughly the same energy shift seen in the C 1s

core level using XPS, both in hard X-ray photoelectron spectroscopy (HaXPES)

experiments (which has a greater photoelectron yield from the ‘bulk’ crystal)

conducted by Yokoya et al. [237], and in this work. The larger chemical shift

seen in this work is a result of the larger dopant density in the Waseda HBDD.
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On the higher binding energy side of the C 1s core level, the component at

285.4 eV has been attributed to C−O/C−OH species on the HBDD diamond,

and comparing the intensity to the corresponding component in the O 1s

peak, reveals a stoichiometry of 1 : 1. The peak position and stoichiometry

suggests that the surface oxygen could be in the form of C−O or, if the sample

was previously hydrogen terminated after growth, C−OH. The component at

282.5 eV has been attributed to both C−−C sp2 and substitutional boron in the

diamond lattice in the general form Cx−B. In sputtered or CVD-grown boron

carbide films, typically of the B4C stoichiometry, the carbide component of the

C 1s peak appears between 281.6 eV to 283.5 eV [237–242].

The high resolution scan of the B 1s can be resolved into three components.

The component at 186.4 eV corresponds to B−B, either in the form of dimer

centres in the carbon matrix or bulk boron metalloid. In the literature,

elemental boron bonding is typically assigned a binding energy of 187.2(9) eV

when charge referenced either to boron oxide (B2O3) at 192.4 eV or adventitious

hydrocarbons at 284.8 eV [78, 238]. In this sample, the B−B peak resides near

the lower bound of the accepted range of binding energies likely due to the high

conductivity of the carbon matrix. The position of the component at 188.2 eV

BE corresponds to boron carbide species (B−C) expected of substitutional

boron in a carbon matrix. The corresponding C−B component in the C 1s

peak overlaps the C−−C sp2 component, so precise stoichiometry cannot be

determined. The final component in the B 1s peak at 191.3 eV corresponds

to a boron oxide species (Bx−Oy) with an approximate stoichiometry of x/y =

0.43 when compared to same component in the O 1s. When accounting for

uncertainty in the pseudo-Voigt peak fitting, this stoichiometry could suggest
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Component Position /eV FWHM / eV
∑

GL ratio Area / kcpseV

C 1s

C–B / C−−C sp2 282.3 1.4 0.61 11.3
C–C sp3 283.6 1.4 0.61(*-0.50) 64.7
π–π∗ 290.0 4.0 0.61 3.8

B 1s

B–B 186.4 2.3 0.30 3.3
B–Cx 188.2 2.3 0.30 2.8
B–Cy 190.2 2.3 0.30 1.5
BxOy (x/y = 1.5) 192.9 2.3 0.30 0.81

Table 6.5. Fitting results for the spectra in Figure 6.11 (*Asymmetry).

that boron oxide is in the form of boron trioxide (B2O3, x/y = 0.4) or boron

dioxide/oxycarbide (BO2/BCO2, x/y = 0.5). The relative shift of −1.1 eV

compared to the accepted boron trioxide binding energy infers that the Bx−Oy

component actually corresponds to a boron dioxide/oxycarbide species [239].

Continuing with the standard catalytic-graphitisation procedure, the HBDD

sample was heated to 1000 ◦C whilst ensuring that the chamber pressure did not

exceed 1× 10−7 mbar. The sample was then cooled using the same procedure

outlined in section 5.2.1 before repeating the XPS measurements. Figure 6.11

shows the XPS survey scan as well as the C 1s and B 1s high resolution spectra

after heating to 1000 ◦C. The survey spectra shows that nearly all the oxygen

has been removed from the surface. The O KLL Auger peak suggests that a

trace amount (∼0.6 %) of oxygen remains on the surface of the HBDD. There was

also a relative increase in the B 1s peak compared to the C 1s peak, with boron

now accounting for 9.4 % of the same analysis region. With the photoemission

signal from the subsurface no longer being attenuated by the surface oxygen, this

boron:carbon ratio of the core levels can be used to calculate a more accurate [B]

in the surface region. The high resolution C 1s spectrum reveals that all C−O
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Figure 6.11. XPS spectra of the HBDD surface after heating to 1000 ◦C. Top: A
survey scan showing the C1s peak from the diamond and the B1s peak from the boron-
dopant. Bottom: High resolution scans of the C1s (left) and B1s (right) core levels.
The red inset traces show the residual R(E). Table 6.5 shows the fitting results for
these spectra.

species have been removed, and the π → π∗ transition has appeared at 290.0 eV,

indicating that an oxygen-free graphitic structure has emerged in the analysis

volume. This means that the trace oxygen seen in the survey scan is likely due to

boron oxide components only. Whilst carbon oxygen bonds are readily broken

at 1000 ◦C, boron oxygen bonds are more resistant to temperature. Boron oxides

on the surface of boron carbide often require temperatures in excess of 1500 ◦C
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to be removed fully [243]. The B 1s peak has broadened post-1000 ◦C which has

been interpreted as a new component. The B−B component resides in the same

position at 186.4 eV, as well as the B−C component at 188.2 eV, which is now

annotated as B−Cx, to indicate a specific (but unknown) boron carbide phase.

The Bx−Oy component has shifted to a higher binding energy (192.9 eV) and the

stoichiometry, when compared to the O 1s intensity, has changed to x/y = 1.5.

This stoichiometry indicates that a boron suboxide has formed in the analysis

region, but the binding energy shift of this component predicts a higher oxidation

state (more electronegative oxygen atoms), and corresponds closely to the more

stable boron trioxide species (B2O3). It should be noted that the decreased

signal-to-noise level of the both the O 1s core level and the oxide component in

the B 1s core level imparts a large uncertainty in the stoichiometry calculation.

The region between the Bx−Oy and B−Cx components has been fitted with a

new component at 190.2 eV. This new component is believed to be a new boron

carbide phase and hence has been annotated as B−Cy.

A 10 nm overlayer of Fe was then deposited onto the HBDD sample to completely

attenuate the diamond C 1s signal. The sample was quickly heated to 640 ◦C

whilst the C 1s core level was monitored using snapshot XPS spectra (N.B. the

formal REES technique was not used here). The sample was held at 640 ◦C

until the C 1s signal began rapidly increasing, at which point the sample was

rapidly cooled to the quench the catalytic conversion. Figure 6.12 shows the

XPS survey scan and high resolution scans of C 1s and B 1s post-graphitisation.

The survey spectrum shows features related to the Fe-overlayer, of which the Fe

2p3/2 peak was used in quantification. Using the Fe 2p3/2 intensity before and

after the 640 ◦C heating step, and the Beer-Lambert’s law (see equation 2.16)

with λ =(1.49± 0.15) nm (NIST EAL Database [218]), the carbon overlayer is
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Figure 6.12. XPS spectra of the HBDD surface after depositing 10 nm of Fe and
heating to 640 ◦C. Top: A survey scan showing Fe-related features and an intense C 1s
peak related to surface graphite. Contaminant Al peaks are also detected. Bottom:
High resolution scans of the C 1s (left) and B 1s (right) core levels. The red inset traces
show the residual R(E). Table 6.6 shows the fitting results for these spectra.

calculated to be (1.37± 0.23) nm thick, which converts to ∼ 3.5 − 5 layers of

graphene. Due to the initial roughness of the diamond, single layer ordered

graphene growth was not possible. The specific K-cell that was used in this

deposition was contaminated with Al2O3 and so Al 2p, Al 2s, and O 1s peaks

are observed in the spectrum, with Al comprising of 5.2 at% of the sample

surface. Nevertheless, the contamination was not enough to completely inhibit
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Component Position /eV FWHM / eV
∑

GL ratio Area† / kcpseV

C 1s

C–B 282.2 1.5 0.75 1.8
C=C sp2 283.9 1.5 0.75(*-0.23) 35.1
CxOy 285.9 1.5 0.75 2.0
π–π∗ 289.4 3.0 0.75 2.1

B 1s

B–C 187.2 3.5 0.30 0.36
B–O 191.8 3.5 0.30 0.21

Table 6.6. Fitting results for the spectra in Figure 6.12 (*Asymmetry, †Ep-corrected
to 30 eV).

the catalysis, and so layers of graphene were produced, as shown by the intense C

1s peak post-heating. Like the Fe, the Al does not incorporate into the resulting

graphene sheets, and remains either as interstitial atoms, or results in localised

alloying at high temperature. The decrease in the Al 2p/2s relative intensities

supports this idea, as the Al signal is attenuated with the growth of the carbon

overlayer. On the other hand, the relative increase in the O 1s means that

oxygen has probably been incorporated into the graphitic overlayer. The high

resolution C 1s scan is fitted with four components. The main asymmetric C−−C

sp2 is positioned at a binding energy of 283.9 eV and has the same lineshape and

asymmetry as the graphene produced in section 6.2.1 (see figure 6.7, table 6.3).

The small downshift in binding energy compared to undoped graphene grown

on diamond (284.9 eV, see table 6.3), is observed in boron-doped graphene due

to a shift in the Fermi level caused by boron-carbon bonds, similar to the HBDD

[244]. The C−B component is a small shoulder on the lower binding side of the

main C−−C sp2, positioned at 282.2 eV, and the C−O component is positioned

at 285.9 eV. These two peaks have similar peak areas compared to the C−−C

sp2 component, which indicates that there is a similar concentration of boron

and oxygen in the graphene layers. By taking the ratio of the intensities of the
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C−−C sp2 and C−B component (i.e. B:C), the [B](at%) of the graphitic carbon

was calculated to be ∼5 %. The π → π∗ transition reappears with the C 1s

indicating the ordered graphitic nature of the surface carbon. Due to the low

intensity of the B 1s peak, the core level scan pass energy was increased from

30 eV to 100 eV. The B 1s spectrum was also acquired at 60° off-normal with the

sample surface facing toward the X-ray source. This had the effect increasing the

B 1s count rate and the surface sensitivity of the measurement (N.B. avoid any

possible B 1s contribution from the underlying substrate). Due to pass energy

broadening, the B 1s could only be fitted with two components confidently,

one at 187.2 eV representing the B−C species, and another at 191.8 eV from

the B−O species. Despite a lack of clarity regarding chemical species of boron

present in the analysis volume beyond C−B, the mere observation of boron

post-graphitisation whilst using a more surface sensitive emission angle, clearly

demonstrates that boron is transported through the iron layer with the carbon,

and forms some boron-carbon structure on the iron surface.

After XPS analysis, the HBDD sample was removed from UHV and measured

again with Raman spectroscopy ex-situ using the same the parameters that

were used to acquire the spectra in figure 6.9. Figure 6.13 shows the Raman

spectrum of the HBDD sample between 100 cm−1 and 3000 cm−1 after catalytic

graphitisation. As before, the main diamond Raman line is not resolvable. The

boron-related L1 and L2 features have been attenuated but the initial D, G, and

2D peaks have not attenuated by the same degree. The L1 and L2 peaks are

positioned at 432.1 cm−1 and 1173.1 cm−1 respectively. The graphitic carbon

related peaks, D, G, and 2D, are positioned at 1353.2 cm−1, 1584.8 cm−1, and

2696.5 cm−1 respectively. The first important observation is that the D, G,

and 2D peaks all have increased in intensity when compared to the spectra
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Figure 6.13. Raman spectrum between 100 cm−1 and 3000 cm−1 for the HBDD after
catalytic-graphitisation. The positions of the graphite-related features, D, G, and 2D
as well as the boron-related features L1 and L2 have been labelled. Gaseous N2 between
the sample and objective gives the feature at 2330 cm−1.

acquired in figure 6.9. The presence of graphite related Raman peaks in

the boron-doped diamond before graphitisation makes the the interpretation

of figure 6.13 difficult. However, the presence of an iron overlayer would

attenuate the ‘bulk’ graphite signal, so it follows that an increase in the graphite

Raman bands can be attributed to surface graphite produced by iron-mediated

graphitisation. The D and G peak lineshape also changes after graphitisation.

The lineshape of the D and G peaks before graphitisation may suffer from

a Fano-type interference from the carbon-boron matrix, making them appear

slightly asymmetric, but this effect can also be attributed to amorphous carbon

or disordered graphite[245]. After graphitisation, the lineshape of the D and

G peaks becomes more symmetric and is more prominent with respect to the

boron-related features (L1 and L2). The D peak in a graphene Raman spectrum

is usually attributed to the breathing mode of the individual carbon rings, which
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can only occur when there is a nearby defect (i.e. a missing carbon, or sp3

structure) [246]. It is also observed in boron-doped graphene/graphite, as the

substitution of boron into the graphene lattice causes local structural distortions

and defects to occur, hence activating the graphene breathing mode [247, 248].

It has been shown in the literature, that as the boron concentration of doped

graphene increases, there is significant increase in the D/G ratio. For a boron

concentration of 0.22 at% in graphene, a D/G ratio of ∼ 7 has been reported

[249]. For graphite however, the D/G ratio is estimated to be ∼ 0.5 for a boron

concentration of 2.2 at% [247]. In the case of graphene, the large D/G ratio also

corresponds to a shift in the G peak position; for carbon-only point defects, the

G exhibits an up-shift of ∼10 cm−1 for D/G > 3, whereas substitutional boron-

related defects cause a slight down-shift [249]. However, the D/G ratio in figure

6.13 is less than one, so any peak shifts due to boron or carbon related defects

are firmly within the uncertainty range. Compared to graphite or graphene,

the FWHMs of the D and G peaks (90 cm−1 and 85 cm−1 respectively) are

much larger than expected, which suggests that there may also be considerable

amount of disordered carbon that does not correspond to a layered graphite

structure. With these qualitative considerations, it is clear that the Raman

spectrum is figure 6.13 is suggesting that a multilayer graphene or graphite

structure has been grown on the surface, but that there are also regions of

disordered perhaps amorphous carbon. Deconvolving the D peak contribution

of carbon-only defects from boron-related distortions is not trivial and cannot

be explicitly determined here.
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6.3 Chapter Conclusion

In this chapter, the graphitisation of the diamond (111) surface using an

iron-catalyst has been investigated. REES measurements have allowed precise

monitoring of the deposition rate of a K-cell for both thick and thin Fe overlayers.

The well-calibrated and extremely clean K-cell has been shown to deposit pure

films of Fe as evidenced by the lack of other contaminating species (such as

carbon or oxygen) in the survey spectrum and the high resolution Fe 2p spectrum

in figure 6.2. Depositing a thin 1.75 nm Fe overlayer on an insulating HPHT

diamond compensates the surface charging induced by the X-ray source similar

to the (2× 1) reconstruction on the (111) diamond surface. As the Fe overlayer

was deposited, REES measurements allowed continuous monitoring of the C

1s peak position. The shift of the peak position, back to the ‘true’ C 1s

binding energy proceeds in two distinct linear relationships to the thickness

of the Fe overlayer until three complete layers of fcc (111) Fe are deposited.

The reduced conductivity of the Fe overlayer at extremely thin thicknesses is

attributed to the Fe sub-monolayer coverage and then the Fuchs–Sondheimer

model of electron scattering near metal surfaces for multiple layers. Evaporated

Fe initially deposits in a disordered pseudomorphic fcc structure, but undergoes

a phase transition into the bcc polymorph of Fe after annealing to at least 320 ◦C.

This is evidenced by LEED patterns post-annealing that support the Nishiyama-

Wassermann model of bcc − fcc interfaces with a missing rotational domain,

showing that registry from the underlying (111)(2 × 1) reconstructed diamond

substrate (which is also missing one of the rotational domains) is preserved.

Iron-mediated graphitisation was studied for a 12 nm thick Fe overlayer on a

semiconducting (111) diamond surface. REES measurements allowed second-
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by-second monitoring of the C 1s and Fe 2p3/2 peak intensities as the sample

was heated to maximum temperature of 685 ◦C. Four distinct regimes pertaining

to the Fe film and the carbon were identified during the heating process: as

previously discussed, the iron undergoes a phase transition and an improvement

in crystallinity; the carbon is detached from the diamond surface and begins

to migrate through the Fe overlayer as interstitial carbon; carbon reaches

the surface of the Fe and precipitates into ordered graphene sheets hence

attenuating the Fe signal; the reaction is rapidly quenched by dropping the

sample temperature and transport of carbon to the surface of the Fe ceases

immediately. After the heating cycle, XPS and LEED characterisation confirm

the chemical and structural purity of the resulting graphene respectively. The

single graphene domain and lack of the characteristic π − π∗ transition in the

C 1s peak confirm that a single layer of graphene was produced. This graphene

sheet exhibits a C 1s peak that has higher binding energy compared to the

reference value for graphitic carbon (∼284 eV). This indicates that there is a

strong graphene-substrate interaction which, in agreement with previous studies

on this surface, suggests significant charge transfer induced n-doping in the

graphene.

The growth process of iron-mediated graphitisation described in section 6.2 only

takes into account the carbon content of the diamond substrate. The fate of the

boron atoms in the lattice is not considered due to their low concentration,

which is far less than the detection limit of the XPS technique. If boron

is similarly transported through the iron overlayer during heating, then the

question was whether it could also be incorporated into the graphitic carbon

on the surface of the iron. The iron-mediated graphitisation experiment was

therefore repeated, using a (111)-orientated HBDD with a boron concentration
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of (8.66± 3.32)× 1021 atoms/cm3 (as determined by Raman spectroscopy).

This allowed the boron to be detected and monitored at each stage during

the iron-mediated graphitisation process using XPS. Post-graphitisation, a

measurable and significant boron contribution is detected in XPS at a more

surface sensitive 60° emission angle, indicating that the boron has successfully

been transported through the Fe overlayer during heating. High resolution core

level spectra of the C 1s and B 1s reveal boron-carbon components whose

at% ratio suggests a [B] of ∼5 at%. The downshift in the main C−−C sp2

component in the C 1s is also indicative of p-type doping expected of boron-

doped graphene/graphite. However, as shown in post-graphitisation Raman

spectroscopy, due to the initial roughness of the HBDD substrate, the structural

quality of the boron-carbon structure is heavily defected and may contain

regions of disordered carbon. Going forward, this experiment would benefit

from repeated attempts with HBDD polished to achieve a surface roughness

comparable to the semiconducting natural diamond used in earlier experiments.

Based on the extensive study of this method of producing graphene both in

previous work and in this investigation, it is possible that boron-doped single-

layer graphene can be fabricated under optimal growth conditions. In general,

this experiment has shown that multi-element materials can be converted into

their congruent 2-dimensional allotrope using the iron-mediated graphitisation

technique.
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Toward Architectures of

Catalytically-grown Graphene

The focus of this chapter is the patterning of catalytically-grown graphene into

simple architectures, which can be measured in-situ using XPEEM/LEEM, and

subsequent transfer to SiO2/Si for in-depth characterisation with Raman spec-

troscopy, AFM, and XPS. The key advantage to iron-mediated graphitisation is

the reduction of the transition temperature required to convert the sp3-bonded

carbon in the solid source, to ordered sp2 carbon in the form of graphene and

graphite. Naturally, this means that during a temperature ramp up to 1000 ◦C

on a diamond or silicon carbide substrate, graphene will be produced in the

regions where iron has been deposited, long before catalyst-free graphitisation

occurs. It follows that if the iron catalyst can be deposited in specific regions

on the substrate, then patterned graphene (which is required for the fabrication

of useful devices) can be produced. In this work, patterned graphitisation was

attempted on SiC substrates with the aim to fabricate simple architectures of

graphene, namely dots of varying sizes. To further characterise the catalytically-

grown graphene, a systematic graphene transfer study was performed. Reference
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samples of CVD graphene were transferred to 90 nm SiO2/Si using ‘wet’ and

‘dry’ techniques in order to compare the quality of the post-transferred graphene.

The results from the CVD graphene transfer informed the subsequent transfer

of catalytically-grown graphene to SiO2 and provide a quality comparison for

future studies; for this experiment, graphene grown on the diamond (111) surface

was transferred.

7.1 Patterning of Catalytically-grown Graphene

7.1.1 Graphene dots on SiC (Aberystwyth)

A 9×9 mm square of silicon carbide (6H-SiC orientated to the (0001) silicon

face) was subjected to an ‘RCA clean’ of hydrofluoric acid (HF) to remove any

organic contaminants and strip away the native silicon oxide (SiO2) layer. The

SiC was then heated in UHV to 950 ◦C to remove any remaining oxide and

adventitious carbon that adsorbed on the surface prior to loading in the REES

system. The SiC was then moved to the transfer chamber and placed behind a

shadow mask consisting of an array of 1 mm diameter holes with a 2 mm pitch,

as shown in figure 7.1a. A 2 nm thick iron layer was then deposited onto the SiC

to form iron dots with the same motif as the mask, as shown in figure 7.1b. The

graphitisation step involved a heating cycle to 700 ◦C which was then held for 30

minutes before rapidly cooling. For an iron overlayer thickness between 0.75 nm

and 2 nm, the catalytic reaction on SiC is self-terminating and therefore will only

grow one layer of graphene [17, 56]. Post-graphitisation, the SiC was transferred

to the REES chamber for XPS and ARXPS analysis. The photoelectron analyser

was set to a lens mode which allowed spectra to be recorded from sub-millimetre

areas on the sample surface. In this case, measurements were obtained from a

spot on the sample 300 µm wide in the energy dispersive plane and 2 mm in
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a) b)

Figure 7.1. a) The shadow mask in the transfer chamber, located at the bottom of
the sample stage. The inset scale bar is 10 mm long. b) The resulting deposited pattern
of iron on SiC, post-graphitisation, and outside UHV. The inset scale bar is 2 mm long.

the non-energy dispersive plane. The small analysis area allowed XPS spectra

to be measured directly on a single graphene spot or in the non-metallised SiC

gaps. Figure 7.2 shows XPS survey scans of the SiC sample for regions on the

graphene dots and on the bare SiC between in the masked regions. The SiC

gap spectra (Figure 7.2a) shows the characteristic silicon and carbon peaks of

the ‘bulk’. SiC has a structure with alternating planes of carbon and silicon

atoms in the [0001] direction. Similar to high temperature sublimation growth

method described in section 4.3.1, the silicon-terminated face of the crystal is

preferable for this experiment to ensure the formation of the FeSi layer without

defects. The higher Si 2p to C 1s ratio indicates that the Si-terminated side of

the sample has been mounted upwards correctly, as the additional silicon layer

at the surface attenuates the carbon signal. The Si 2p and 2s peaks are repeated

again at lower kinetic energy (424.5 eV and 373 eV) due to photoelectrons excited

by O Kα radiation emitted from the partially oxidised Mg anode. There is also

some calcium oxide contamination on the SiC, indicated by the Ca 2s and O

1s peaks. This contaminant is likely from the cutting tools used to divide

the SiC into squares. In contrast, a spectrum acquired from a graphene spot

(Figure 7.2b), where the Fe 2p / Fe 2s core levels and Fe KLL Auger structure
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Figure 7.2. XPS survey scans (hv =1253.6 eV, Ep =100 eV) of catalytically
graphitised SiC in a) the bare SiC gaps and b) on a dot from graphitised pattern.

originating from the iron catalyst is present. Once focused on a graphene dot,

high resolution core level spectra were acquired both at normal emission and at

60° off-normal, shown in figures 7.3a and 7.3b respectively. The C 1s consists of

Angle Component Position/eV FWHM/eV
∑

GL ratio At%

Norm Si−C 283.0 1.3 0.55 83
C=C sp2 284.6 1.3 0.55(*0.33) 17

60° Si−C 283.0 1.3 0.66 69
C=C sp2 284.5 1.3 0.66(*0.29) 31

Table 7.1. Fitting results for the spectra in Figure 7.3 (*Asymmetry factor).

two components post-graphitisation: the Si−C peak from the growth substrate

at ∼283 eV, and the asymmetric C−−C sp2 peak from the graphene overlayer at

∼284.5 eV. Due the metallic conductivity of graphene, the C−−C sp2 component

has been fitted with a floating asymmetric factor to compensate for conduction

band shake-up events [50, 250]. The spectra taken at 60° off-normal shows the

C−−C component significantly increasing with respect to the Si−C component.
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Figure 7.3. High resolution XPS spectra (hv = 1253.6 eV, Ep = 30 eV) of a) C 1s
at normal emission and b) C 1s at 60° emission from a graphene dot on SiC. The red
inset traces show the normalised residuals RN (E). Table 7.1 shows the fitting results
for these spectra.

This suggests, in line with the work performed on the diamond (111) surface,

that the C−−C component originates from the surface region as opposed to the

Si−C bulk.

To confirm the presence of graphene on the iron dots post-heating, ex-situ

Raman spectroscopy was employed. Static scans, shown in figure 7.4, were taken

between 1200 cm−1 and 3000 cm−1 to check the characteristic D, G, and 2D

peaks of graphene, both on and off the patterned regions. The region containing

the D and G peaks is dominated by second order SiC Raman scattering [251] and

coupled with a lack of surface-enhancement of the graphene signal, identification

of the G peak was particularly difficult. Conversely, the 2D peak is not

convoluted with other features and can therefore be identified easily. The 2D

peak appears to be much wider (∼75 cm−1) than expected for pristine graphene

(between ∼35 cm−1 and 50 cm−1) [252]. Along with the intensity increase

around the D-peak region, the Raman data in figure 7.4 appears to suggest that
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Figure 7.4. Raman spectra between 1200 cm−1 and 3000 cm−1 for the SiC substrate
(green) and patterned graphene regions (red). The positions of the D, G, and 2D
peaks of graphene have been labelled. The feature at 2330 cm−1 is due to gaseous N2

between the sample and the objective. Inset: A zoomed-in graphene 2D peak from
the patterned regions.

a defected graphene sheet has been grown. The Raman spectrometer was then

switched to mapping mode, allowing spatial Raman mode information of the

graphene to be measured. The characteristic graphene Raman modes were used

to measure the spatial extent of the graphitisation, and determine whether the

deposited catalyst pattern has successfully reproduced the matching graphene

pattern. The gate time for full static spectra was 120 s over 10 accumulations to

achieve a reasonable signal-to-noise. The long acquisition times meant that full

spectra Raman mapping was not feasible, even with the Raman optics optimised

for maximum transmission of scattered light. Therefore only the 2D region was

measured to reduce the experimental time. Figure 7.5a shows a 2D band Raman

map of catalytically-grown graphene on patterned Fe deposited on SiC. The
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dark regions in the map correspond to areas where no graphene is present (see

figure 7.5b), as confirmed by the absence of a 2D peak, whereas the brighter

regions indicate some 2D band intensity and therefore graphene growth (see

figure 7.5c). The Raman map clearly demonstrates that the edge of the graphene

growth region corresponds to the edge of the Fe-deposition region, i.e. conforms

to a circular pattern. It also shows that there are extensive areas (∼10 µm to

30 µm in at least one dimension) in the graphene growth region where a 2D

peak cannot detected or has a significantly lower intensity than the majority

of the data points. These areas are either devoid of graphene or have defected

graphene. The reason for the emergence of these defects can be attributed to

contaminants on the surface which inhibit the graphitisation process (e.g. the

residual calcium oxygen species from cutting tools).
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Figure 7.5. a) A 200×200 µm Raman map taken at the edge of a graphene dot between
2450 cm−1 and 2850 cm−1. The brighter regions indicate the presence and intensity of
the graphitic 2D peak. The Raman spectra for the dark (pink) and bright (green)
regions have been extracted in b) and c) respectively.

7.1.2 Graphene dots on SiC (BESSY II)

Another 9×9 mm square of SiC, subjected to an RCA clean, was taken to the

UE49 SMART beamline at the BESSY II synchrotron (Berlin). A tantalum

shadow-mask with five 500 µm diameter holes was mounted on top of the sample

prior to loading into the UHV system. The SiC sample was heated to 900 ◦C

to drive off any adventitious carbon and oxygen species on the surface. A thin-

film of Fe was deposited onto the SiC surface and then the sample was heated

to 750 ◦C to induce catalytic graphitisation. Figure 7.6 shows a low-energy
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diffraction study (LEEM/LEED) of the SiC at each stage of the experiment.

After heating the SiC to 880 ◦C, the LEEM image shows two distinct phases

arranged in a striped pattern, which is probably a result of polishing. The

LEED pattern taken at this position reveals a (
√

3 ×
√

3)R30° reconstruction

on the SiC surface [253]. After a thin film of Fe is deposited, LEEM imaging

shows a smoothing of the surface as the polishing lines are filled in. The Fe film

appears homogeneous, but XPS reveals a significant amount of oxygen has also

been incorporated into the film. The Fe film appears to have been deposited

in a pseudomorphic (111) orientation as the LEED pattern shows broad spots

over the (1× 1) SiC structure. These Fe-related features appear to rotationally

broaden, which is due to slightly rotationally misaligned Fe layers, and radially

broaden which implies a deviation from the (1 × 1) periodicity brought about

from the Fe attempting to adhere to the (
√

3 ×
√

3)R30° SiC reconstruction

at room temperature. Finally, the Fe on SiC is heated to 620 ◦C for 30 min

to catalytically graphitise the surface. In the LEEM image, there is a clear

structural difference between regions on the Fe film. It appears that the lighter

regions represent a coalescence of ordered carbon like single and multi-layered

graphene, whereas the darker regions appear to exhibit disordered or amorphous

carbon growth. The corresponding LEED pattern for this area shows multiple

rotational domains producing many diffraction spots that are close together,

giving the appearance of a smeared out diffraction pattern. This pattern may

be indicative of graphene diffraction spots characteristic of multilayer graphene

sheets that are rotationally misaligned [200, 254]. Figures 7.7a and 7.7b show a

series of XPEEM images taken at the edge of a patterned region after heating to

750 ◦C. The photon energy was set to 385 eV and a series of images were taken

between 94 eV KE and 102 eV KE at 0.2 eV intervals, in order to measure the C

1s intensity. The gradual decrease in signal from the centre to the top-left corner
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Figure 7.6. LEEM images and LEED patterns acquired on the SMART beamline
at the BESSY II synchrotron during three stages of the graphitisation experiment on
SiC 6H-(0001): (a) after 880 ◦C to remove adventitious carbon and oxygen-terminating
species; (b) after 2 h of Fe deposition; (c) After heating to 620 ◦C to induce catalytic
graphitsation. All data were acquired using an incident electron kinetic energy of 40 eV.
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is likely due to the profile of the X-ray beam. At 98.1 eV kinetic energy, the C 1s

yield increases in the region where the Fe has been deposited, whereas at 99.2 eV

kinetic energy, the C 1s yield originates in the region without iron. Figure 7.7c

shows the photoelectron yield against kinetic energy for the red and blue areas

in figures 7.7a and 7.7b respectively. Here the chemical composition of the C 1s

peak is revealed for the Fe dot and bare SiC regions. The red region has a large

asymmetric peak that has been attributed to sp2-bonded C−−C, characteristic

of graphitic carbon, whereas the blue region has a smaller and less asymmetric

peak from the SiC substrate.
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Figure 7.7. C 1s XPEEM images acquired at the edge of an Fe region on SiC after
heating to 750 ◦C at kinetic energies of (a) 98.1 eV KE corresponding to C−−Csp2 and
(b) 99.2 eV KE corresponding to Si−C. The normalised photoemission yield from
the areas denoted by the red and blue dashed circles have been extracted in (c). By
scanning the KE of the XPEEM images, the C 1s core level can be acquired.
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Post-graphitisation, the sample was removed from the beam line and taken back

to the home laboratory for Raman spectroscopy analysis. Spectra were acquired

using a 10 mW 532 nm laser source focused through a long-working distance

objective lens with ×50 magnification. Figure 7.8 shows a representative static

Raman spectra between 1100 cm−1 and 2900 cm−1 taken from a graphitised Fe-

dot on SiC and bare SiC. Both spectra were normalised to the SiC feature at

∼1510 cm−1 before a difference spectra was calculated. The residual background

Figure 7.8. (a) Raman spectra between 1150 cm−1 to 2850 cm−1 for a catalytically-
grown graphene dot on the surface of a Fe-SiC dot (blue) and bare SiC (red). (b)
The difference spectra with background correction. The D, G, and 2D bands have been
fitted using Lorentzian peaks.
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was then fitted with a spline and subtracted to achieve a flat background. The

resulting D, G, and 2D bands were fitted with Lorentzian peaks; due to the

low count rate, the residual count is comparable to the signal (between 5 %

and 52 % of the D peak maximum), but is otherwise flat indicating a suitable

fit. The 2D/G ratio is ∼0.42 and the D/G ratio is ∼1.46 indicating a high

density of defects. Figure 7.9 shows a 2D band Raman mapping study of the

BESSYII graphene. Figure 7.9a shows the intensity of the 2D band across the

red region shown in the microscopy image in figure 7.9b. The microscope image

Figure 7.9. (a) A 200×200 µm Raman map taken between 2500 cm−1 and 2900 cm−1

at the edge of a graphene dot denoted in by the red region in the optical microscopy
image in (b). The brighter regions indicate the presence and intensity of the graphitic
2D peak. The Raman spectra for the dark (pink) and bright (green) regions have
been extracted in (c) and (d) respectively.
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shows the number five ‘die’ pattern of graphene-on-Fe clearly, and demonstrates

that shadow mask produces a sharp edge to the patterned regions. The 2D band

only appears in the graphene/Fe region, as shown by the spectra collected at the

blue and green regions on the map (see figures 7.9c and d respectively), further

demonstrating the feasibility of patterning graphene with this method. The

2D peak is significantly upshifted to ∼2708 cm−1, and the FWHM is ∼91 cm−1

which is much wider than the typical CVD graphene values of ∼35 cm−1 to

50 cm−1 [246, 252, 255]. The 2D band was fitted with a single Lorentzian peak,

which indicates a single layer of graphene has been produced in this particular

area, and the FWHM suggests that the sheet may be heavily defected. However,

many other areas contained multi-component 2D peaks typical of multi-layer

graphene / graphite which was expected based on the LEED pattern shown in

figure 7.6c .

7.2 Transfer of CVD Graphene

7.2.1 Wet Transfer Technique (Acid Etch)

For as long as graphene has been grown on metal substrates, acid etching has

been used to remove the growth substrate and isolate the graphene so that

it is ready to be transferred to an arbitrary substrate. A typical wet-transfer

technique for CVD graphene grown on Cu [256, 257] is described as follows and is

shown in figure 7.10. The growth substrate was first carefully flattened between

a pair of clean and dust-free microscope slides with care taken to not introduce

any wrinkles, creases, or bends in the Cu foil. Care was also taken to not impart

any shear force between the microscope slides whilst the graphene-coated Cu was

between them (figure 7.10a). A clean pipette was used to deposit a few drops

of 4 %w/w poly(methyl methacrylate) (PMMA, MW 950k) in chlorobenzene
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onto the top side of the graphene-Cu foil whilst it rested on the chuck of a

spin-coater. Care was taken to ensure that no bubbles of PMMA formed on the

graphene surface during deposition. The spin-coater was operated for 1 minute

at 2000 rpm to achieve an even coverage of PMMA, and then the foil was baked

in a drying oven for 1 minute at 80 ◦C (figure 7.10b). The Cu foil was then

placed into an O-plasma etcher with the uncoated back side facing toward the

highest plasma density. The foil was exposed to an O-plasma for ∼2–3 minutes

to remove the graphene on the uncoated side of the Cu so that it did not inhibit

Figure 7.10. The wet-transfer technique used in this work. (a) CVD graphene grown
on Cu foil; (b) Spin-coating of PMMA onto the graphene; (c) Backside graphene
is removed using an O-plasma; (d) Cu removed by an APS acid etch until only
PMMA/Graphene is left; (e) The graphene is transferred to water for additional
cleaning before transfer to the target substrate; (f) The PMMA support layer is removed
with an acetone bath, to leave graphene on the target substrate, usually a SiO2/Si wafer.
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the acid etching of the growth substrate (figure 7.10c). The growth substrate

was placed, Cu side down, onto a solution of 0.1M Ammonium persulphate

((NH4)2S2O8, ≥98 % assay) (APS) and left for 12 h until the Cu had completely

etched away (figure 7.10d). Using a large watch glass, the PMMA-graphene

stack was scooped up along with some of the APS to keep the graphene floating

on liquid, and then transferred to a bath of deionized water. The PMMA-

graphene stack was left in the deionized water for 4 h to remove any leftover

particles of Cu and APS residue. The target substrate, in this case 90 nm

SiO2/Si, was then used to ‘fish’ the PMMA-graphene stack from the deionized

water, taking care not to produce wrinkles or folds in the graphene sheet or

trap bubbles between the target substrate and graphene (figure 7.10e). The

PMMA-graphene-SiO2/Si stack was allowed to air dry until all visible water had

evaporated, and then it was placed in a vacuum desiccator for 1 h to remove any

residual moisture. To remove the PMMA and complete the transfer, the PMMA-

graphene-SiO2/Si stack was placed in a bath of acetone for 1 h at 30 ◦C, rinsed

with iso(propanol) alcohol, and blow dried with nitrogen gas (figure 7.10f).

7.2.2 Dry Transfer Technique (PVA-assisted)

Whilst the standard wet-transfer technique is well understood in the literature

and is widely used, it cannot be used to transfer graphene grown by iron-

mediated graphitisation. This transfer method relies on the etchant having a

large contact area with the metal foil so that it removes material homogeneously,

as well as a large reservoir of fresh etchant in order to encourage a strong

diffusion gradient. In the iron-mediated graphitisation method, the growth

substrate (diamond or SiC) cannot be etched away, and the interface between

the iron catalyst and the etchant is small enough that removal of the iron is

strongly inhibited (likely due to capillary forces and a weak diffusion gradient).
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This results in etching times of several days, even with the frequent addition

of fresh etchant. With acid etching ruled out, dry mechanical de-lamination

– although currently not scalable – provided a method whereby Aberystwyth-

grown graphene could be transferred to SiO2/Si oxide substrates for Raman

analysis. After considering and practising several transfer techniques [258, 259],

the method proposed by Yang et al. had consistently more success. This

technique uses a polyvinyl alcohol (PVA) as an adhesion layer that aids in

de-laminating graphene from its growth substrate. Figure 7.11 illustrates the

transfer technique which has been adapted for transferring catalytically-grown

graphene from the diamond (111) surface, and CVD graphene from Cu foil.

Quoted temperatures were measured with either a K-type thermocouple for solid

substrates, and a glass thermometer for solutions. A solution of PVA (0.2 g in

20 ml) was prepared using PVA powder (MW 9000–10000, 80 % hydrolyzed)

which was slowly dissolved in deionized water whilst heating to 80 ◦C and

continually mixing with a magnetic stirrer. In the pre-treatment step, the

growth substrate was submersed in this PVA solution at 50 ◦C for approximately

18 h. In this pre-treatment step, the PVA hydrocarbons are strongly adsorbed

onto the hydrophobic graphene sheet and increase the adhesion between the

graphene and the PVA carrier layer. This ensures that when the PVA carrier

layer is retracted later, the graphene sheet also detaches from the growth

substrate with minimal tearing or leaving graphene left on the growth substrate

(figure 7.11b). The graphene growth substrate was removed from the PVA

solution and thoroughly rinsed with deionized water and dried with nitrogen

gas. Following this pre-treatment, a carrier layer of PVA (0.2 g in 20 ml, MW

9000–10000, 80 % hydrolyzed) was deposited onto the growth substrate using

a micro-pipette, and then dried in an oven at 80 ◦C for at least 10 min (figure

7.11c). A strip of Kapton tape was then firmly pressed onto the carrier layer to
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Figure 7.11. The dry-transfer technique used in this work. (a) Graphene grown
on Cu (or iron-on-diamond); (b) The graphene and growth substrate is submersed in
a PVA solution for 18 h at 50 ◦C; (c) After rinsing in DIW, more PVA is deposited
onto the graphene and cured at 80 ◦C for 10 min; (d) Kapton tape is pressed onto the
PVA and force is applied at different temperatures to ensure conformal contact; (e)
Kapton is rapidly retracted to peel PVA/Graphene away from growth substrate; (f)
PVA/Graphene is pressed onto the target substrate for 1 min at 130 ◦C before (g) the
Kapton is slowly peeled away; (h) PVA support layer is removed with a water bath to
leave graphene on target substrate, usually a SiO2/Si wafer.

165



Chapter 7. Toward Architectures of Catalytically-grown Graphene

establish conformal contact before returning to the oven for a further 10 minutes

at 80 ◦C. As the sample is removed from the oven, further conformal pressure is

applied until the sample is cool. The sample was then placed on a hot plate at

130 ◦C and conformal pressure applied a third time for at least 30 s. The sample

is then allowed to cool to room temperature (figure 7.11d). To remove the PVA-

graphene stack from the growth substrate, the Kapton tape was retracted at

high speed to maximise the adhesion force between the Kapton and the carrier

layer, and hence de-laminate the graphene from the growth substrate (figure

7.11e). The carrier-graphene stack was then pressed against a 90 nm SiO2/Si

substrate at 130 ◦C for 1 min to release the Kapton from the carrier layer (figure

7.11f). The Kapton tape was slowly peeled off during heating to transfer the

graphene to the SiO2/Si substrate (figure 7.11g). Finally, the PVA carrier layer

was removed by submersing the graphene-SiO2/Si in deionized water at 35 ◦C

for three hours. To remove any other residues from the Kapton tape, the sample

was then placed in a bath of acetone for 1 h at 30 ◦C, rinsed with isopropanol

alcohol, and blow dried with nitrogen gas (figure 7.11h).

7.2.3 CVD Graphene on SiO2

As explored in section 4.3.1, high-quality large-area graphene can be produced

via CVD, using copper as a growth substrate and a mixture of CH4 and H2 as a

process gas. CVD graphene was used in this work as a benchmark of quality to

compare the transfer techniques and establish a figure-of-merit comparison for

the catalytically-grown graphene from the diamond (111) surface. Samples of

2×2 cm CVD graphene on Cu were produced by Dr Neil Wilson (Department

of Physics, University of Warwick, UK) and shipped to the home laboratory

in Aberystwyth. Raman spectroscopy confirmed the presence of high-quality

graphene on the Cu substrates, which lacked a D peak at all measured areas.
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CVD graphene was transferred to varying thicknesses of silicon oxide using

both the APS acid etch technique (Wet-transfer, section 7.2.1) and the PVA-

assisted delamination technique (Dry-transfer, section 7.2.2). The quality and

continuity of the transferred CVD graphene was investigated using Raman

spectroscopy and AFM over several areas. Raman spectra were acquired

using a 532 nm laser source, operated at 10 mW at an objective lens with

×100 magnification. For graphene transferred to 13 nm SiO2/Si substrates, an

extended gate time of 60 s over 10 sweeps was required to obtain a signal-to-

noise better than 10:1. In the DG region (1250 cm−1 to 1750 cm−1), third-order

Raman modes from the underlying silicon substrate convoluted the spectra,

making the determination of the D/G ratio difficult. To recover graphene

only spectra, the region greater than 1650 cm−1 was background subtracted

and the mode at 1450 cm−1, which is attributed to the third-order silicon TO

phonon, was used for normalisation. The same process was used on a spectrum

taken from the SiO2/Si area only, which was then subtracted from the graphene

spectra to remove the silicon contribution. For graphene transferred to 90 nm

SiO2/Si, there is no Raman contribution from the underlying silicon crystal

and the surface enhancement effect from the oxide thickness means that gate

times of >0.1 s herald acceptable signal-to-noise. The reduced gate time for

measurements on graphene transferred to 90 nm SiO2/Si meant that Raman

mapping could be used to ascertain graphene quality over a large area on the

sample. Figure 7.12 shows a series of Raman maps of a 500×500 µm area of

CVD graphene transferred to 90 nm SiO2/Si using the wet-transfer technique.

The D, G, and 2D maps (a – c respectively) provide the raw count rate of

the fitted Raman peaks. The G and 2D in conjunction display the extent of

transferred graphene, and show clear regions where there is no graphene due

to large tears in the sheet. The D peak intensity map is a spatial indication

167



Chapter 7. Toward Architectures of Catalytically-grown Graphene

Figure 7.12. Raman mapping of CVD graphene transferred to SiO2 using the wet-
transfer technique. The white scale bars are 100 µm in length. The peak intensities
of the (a) D band, (b) G band, and (c) 2D band have been used to generate the
(d) 2D/G and (e) D/G peak height ratios. The histograms in (f) show the number
of occurrences for different positions and FWHMs of the 2D peak across the mapped
area.
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of defects in the graphene sheet. The 2D/G and D/G ratio maps provide a

clearer picture – the majority of the measured areas show a 2D/G ratio greater

than two, confirming that a single layer of graphene has been transferred. The

D/G ratio appears to be consistent across the graphene sheet and below 0.5,

but increases above 1 in the regions where single layer graphene is not present,

both in the tear regions and on the sheet. This could either be disordered

adventitious carbon or a result of the fitting program dividing the noise-related

intensity when there is no significant carbon-related Raman signal. In figure

7.12f, histograms showing the peak position and FWHM of the 2D peak for

all the collected spectra are shown. The modal value of FWHM was 31.0 cm−1

and the mean peak position was 2681.5 cm−1, both very typical values for CVD

graphene transferred to SiO2/Si substrates [246, 255].

There were several successful dry-transfers of CVD graphene to silicon substrates

with varying thicknesses of silicon dioxide overlayer. Figure 7.13 shows a

representative Raman spectrum of CVD graphene transferred using the PVA-

carrier technique after background subtraction. The G and 2D peaks are clear

at 1586 cm−1 and 2681 cm−1 respectively, and the 2D/G ratio is ∼2.24. Both

the G and 2D peaks have been fitted using a Voigt profile for which the 2D peak

gives a FWHM of ∼35 cm−1. There was little-to-no D peak observed in most

of the spectra (D/G < 0.1), however there is a feature at ∼2450 cm−1 which

is attributed to the D + D” intra-valley process. The large sharp deviation

at 1550 cm−1 is attributed to atmospheric molecular oxygen O2 between the

sample and the detector. The Raman maps for dry-transferred CVD graphene

are shown in figure 7.14. Compared to the wet-transferred graphene in 7.12, the

most immediate difference seen in the dry-transferred graphene is the low density

of defects shown by the D peak map in figure 7.14a. Across the analysed area,
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/

Figure 7.13. Raman spectrum between 1250 cm−1 to 2900 cm−1 for CVD graphene
transferred to SiO2/Si using the PVA-transfer technique. The positions and FWHMs
of the D, G and 2D peaks of graphene have been stated. The lack of a D peak and the
large 2D/G ratio indicate high quality single layer graphene.

the D peak intensity is nearly negligible with only a few small localised points

exhibiting an increased D peak intensity. The G and 2D peak intensities reveal

that there are no tears or rips in the transferred graphene, but there are localised

regions where no graphene is present. However, closer inspection on many of

these regions reveals that the G and 2D peaks are present, but at significantly

lower intensity. Again, the ratio maps provide a clearer picture – the 2D/G

map confirms that a majority of the analysed graphene exhibits a 2D/G ratio

between 1.5 and 2.5 (see figure 7.14d). Inspection of the spectra with 2D/G less

than 2 was undertaken, and in most cases the 2D peak could be fitted with a

single component and had a narrow FWHM (i.e. less than 40 cm−1). The D/G

ratio map of dry-transferred graphene (see figure 7.14e) reveals many localised
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defects with a D/G ratio of ∼ 1, of which many correspond to the areas in the

G and 2D maps which are either devoid of graphene or have reduced intensities.

The rest of the graphene sheet appears to be homogeneous with D/G values

less than 0.1. In figure 7.14f, histograms showing the FWHM and peak position

of the 2D peak result in a modal FWHM value of 33.1 cm−1 and an average

peak position value of 2681.5 cm−1. Raman mapping has the advantage of

collecting lots of spectra in a short amount of time. As already seen for the

2D peak position and FWHM in figures 7.12 and 7.14, the large number of

data points (e.g. 2500 spectra in this case) allows a statistical determination

of the 2D/G and D/G ratios for the dry and wet transferred CVD graphene.

Figure 7.15 shows the distribution of 2D/G and D/G ratio values of the mapped

areas in figures 7.12 and 7.14. Immediately it is clear in 7.15a that the wet-

transferred CVD graphene has a larger 2D/G ratio of 2.44, compared to the

dry-transfer ratio of 1.83. The distribution of 2D/G ratios have been fitted with

Lorentzian peaks and both have similar widths for both wet and dry transferred

graphene, although the wet-transfer technique does have more occurrences below

1 that are not described by the Lorentzian fit. The wet-transferred graphene

also has a narrower 2D FWHM of 31.0 cm−1 compared to 33.1 cm−1 for the

dry-transferred graphene. Figure 7.15b reveals that the dry-transfer technique

results in a D/G ratio that is predominately less than 0.1, with modal number of

measured spectra in the 0.01 bin. The wet-transfer technique produced a wider

spread of D/G ratios ranging from 0.01 to 0.6 (ignoring bins with less than

10 occurrences) with a maxima at 0.14. Both subfigures 7.15a and 7.15b have

occurrences above the maximum x-limit, but the bin values are random and have

less than 10 occurrences. These anomalous bins are likely due to the Raman

instrument’s software attempting to fit non-existent peaks in the noise where

there may have been a lack of graphene. The D/G ratio has often been used as a
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Figure 7.14. Raman mapping of CVD graphene transferred to SiO2 using the dry-
transfer technqiue. The white scale bars are 100 µm in length. The peak intensities
of the (a) D band, (b) G band, and (c) 2D band have been used to generate the
(d) 2D/G and (e) D/G peak height ratios. The histograms in (f) show the number
of occurrences for different positions and FWHMs of the 2D peak across the mapped
area.
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qualitative measure of defective graphene, and considerable effort by the Raman

spectroscopy community has been spent to find quantitative methods of analysis

that use this ratio. One particular approach involves producing a known number

of point defects using highly-controllable doses of Ar+ bombardment and then

measuring the D/G ratio. A relationship between the D/G ratio and the areal

defect density nD was proposed by Lucchese et al. and Cancado et al. [260,

261], then systemically confirmed by Pollard et al. [262]. For an average inter-

defect distance greater than 10 nm, the relation (see equation 1 in ref [261]) can

be simplified to:

nD(cm−2) = (7.3± 2.2)× 109E4
L

(
ID
IG

)
(7.1)

where E4
L is the incident photon energy in electron volts, and ID/IG is the area

ratio of intensities of the D and G peaks. This relation is used here to provide

a tangible figure-of-merit for comparing the aforementioned transfer techniques.

Using the average D/G ratios extracted from the histograms in figure 7.15

and the photon power for a 532 nm green laser (i.e. 2.33 eV), the defect

density of the wet and dry-transferred graphene is (3.01± 0.90)× 1010 cm−2

and (2.15± 0.65)× 109 cm−2 respectively. Despite these equations relying on

experimental Raman data from ion-bombarded graphene, they remain valid for

other types of point defects such as substitutional atoms and resonant scatters

because the D/G ratio is largely unaffected by the nature of the defect. There

are however certain graphene defects which do not contribute to the D peak

intensity, such as uniaxial/biaxial strain, intercalates, and perfect zigzag edges.

The near-zero D/G ratio for dry-transferred CVD graphene implies a high-

quality graphene sheet, but the D peak map does show localised damage on

the order of the laser spot size (∼10 µm). The dry-transferred graphene was
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Figure 7.15. Histograms showing the occurrence of (a) 2D/G and (b) D/G ratios
for CVD graphene transferred using the wet and dry transfer techniques. The most
common ratios have been annotated.

therefore studied further with AFM over several areas to determine coverage and

damage on the microscale, beyond the resolution of the Raman spectrometer.

AFM images were acquired in non-contact mode to avoid damaging the graphene

or picking up surface contaminants which would blunt the probe tip. The

microscope was operated in high-voltage mode using a NSG03 Pt-coated silicon

cantilever at a set point of 0.04 µm and a Z-servo gain of 1. Widescan images
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were taken over areas of 40 µm2 and narrow images over 10 µm2. Figures 7.16a

and 7.16b show a representative AFM images of CVD graphene transferred using

the PVA-carrier technique. In the 40 µm2 image, there appears to be a majority

of graphene coverage demonstrating that the PVA-carrier is capable of lifting

a continuous sheet of graphene away from the growth substrate. There are

some highly-localised areas that exceed the upper z-range of the image, which

are likely to be residual polymer contaminants. The 10 µm2 image, which was

acquired from the blue dashed region in figure 7.16a, shows evidence of some

tearing, wrinkling, and folding in the graphene sheet. Figure 7.16d illustrates

an interpretation of the damage highlighted by the white dashed box in figure

7.16b. During peel off from the growth substrate, a section of graphene became

simultaneously detached from both the PVA-carrier and the growth substrate.

This ‘free-standing’ graphene was then unintentionally folded either before or

during the stamping of the graphene sheet onto the SiO2. This results in a

region where turbostratic single, bi- and tri-layer graphene exists.

A common issue with transferring graphene from its growth substrate is the

polymer scaffold residues that are left post-transfer which affect the electronic

properties and the structure of the graphene. In the literature, a considerable

amount of effort has been invested into removing these polymer residues, with

methods ranging from annealing in reactive gases (e.g. H2 [263], CO2, NO2 [264],

etc), chemical washes (e.g. acetic acid and acetone [265]), and UV-radiation

induced breakdown [266]. XPS is an apt technique for ascertaining the level

of contamination from polymer residues, as well as any other chemicals used

in transfer techniques, such as acid residues. Both the wet and dry-transfer

graphene samples were rinsed in isopropanol and dried with N2 gas, before

being loaded into UHV. For this XPS experiment, a Kratos Axis Ultra DLD
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at the National Physical Laboratory (NPL) was used. This instrument used

a monochromated Al Kα X-ray source with an analyser defined spot size of

300×700 µm. Unlike the twin-anode source used for rest of this work, the

monochromated source does not generate a source of secondary electrons which

compensate sample surface charging. Therefore, a low-energy electron source

was used to compensate the surface charging. Figure 7.17 shows the results

of the XPS analysis on the transferred graphene on SiO2/Si. The survey

Figure 7.17. XPS spectra of CVD graphene transferred to SiO2/Si. Left: Survey
scans for the wet (blue) and dry (red) transferred graphene containing the O 1s, C 1s,
and Si 2p core level quantification. Right: High resolution scans of the C 1s core level
for wet-transferred (top) and dry-transferred (bottom) graphene. The red inset traces
show the residual R(E). Tables 7.2 and 7.3 shows the fitting results for these spectra.
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Component Position / eV FWHM / eV
∑

GL ratio At%

Graphene

C−−C sp2 284.4 1.0 0.45(*0.31) 27.3
C−O / C−OH 286.1 1.0 0.10 15.2

PMMA Reference [267, 268]

CH2 / CH3 285.0 1.2 0.10 23.0
C−C 285.8 1.2 0.10 11.5
C−O 286.8 1.2 0.10 11.5
O−C−−O 289.0 1.2 0.10 11.5

Table 7.2. Fitting results for the PMMA-transferred graphene spectra in Figure 7.17
(*Asymmetry factor).

Component Position / eV FWHM / eV
∑

GL ratio At%

C−−C sp2 284.4 0.9 0.46(*0.52) 78.7
C−C sp3 285 1.3 0.10 15.8
C−O 286.5 1.3 0.10 4.1
O−C−−O 288.8 1.3 0.10 1.4

Table 7.3. Fitting results for the PVA-transferred graphene spectra in Figure 7.17
(*Asymmetry factor).

scans for both wet (blue) and dry (red) transferred graphene show Si 2p and

2s peaks originating from the underlying silicon oxide substrate, C 1s from

the transferred graphene and polymer residues, and the O 1s peak from the

silicon oxide underlayer and polymer residues. There are no other elements

present in the survey spectra, even at higher binding energies. The dry-

transfer technique does not use any aggressive chemicals to detach the CVD

graphene from the copper growth substrate, so for the exception for copper,

only adventitous carbon and PVA residue is expected. However the wet-transfer

technique uses APS to remove the copper substrate, and so nitrogen, copper,

and sulphate species which may have been found adsorbed to the graphene.

However, the lack of principle and Auger photoelectron peaks from any of these

contaminants seems to confirm the high-quality of the transfer techniques used

in this study. In terms of atomic composition, the wet-transferred graphene has
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a much higher carbon contribution (52.4 at%) compared to the dry-transferred

graphene (39.5 at%). The wet-transferred graphene also has a smaller Si 2p

contribution (12.2 at%) compared to the dry-transferred graphene (24.6 at%).

An accurate determination of the carbon overlayer is difficult due to the inherent

uncertainty of the EAL for complex systems containing multiple sources of

carbon photoelectrons, i.e. graphene and the polymer in this case. It should also

be noted, that the extracted quantitative atomic compositions are only valid for

homogeneous systems, which these spectra do not represent. Qualitatively, the

increase of the carbon-silicon ratio in the wet-transferred graphene implies a

thicker carbon overlayer which is unlikely to be multi-layer graphene due to the

self-limiting nature of CVD graphene growth on copper. The background shape

also provides qualitative information supporting a thicker carbon overlayer on

wet-transferred graphene. The inelastic background region between 640 eV and

940 eV kinetic energy has a different shape for the two graphene samples. The

maximum of the inelastic background generated by O 1s photoelectrons for

wet-transferred graphene is shifted to lower kinetic energy by ∼50 eV. This

is analogous to regime D (bulk substrate photoelectrons travelling through an

overlayer) described by S. Tougaard [269], where a larger proportion of the O 1s

photoelectrons are inelastically scattered whilst travelling through the thicker

carbon overlayer, compared to a single sheet of graphene. This causes a shift

in the average kinetic energy of the inelastically scattered electrons. The core

level spectra shed more light on the structure of the carbon overlayer for both

samples. The top C 1s spectrum in figure 7.17 was acquired from the wet-

transferred graphene, and the fitting envelope is rather complex. Following from

the evidence presented by the survey spectrum, it was deduced that a significant

amount of PMMA residue was still bonded to the wet-transferred graphene.

As such, a C 1s PMMA envelope was constructed using reference data from
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Beamson and Briggs [267] as well as Girardeaux and Pireaux [268]. The fitting

parameters used for each component of the PMMA envelope (i.e. CH2/CH3,

C−C, C−O, and O−C−−O) are shown in table 7.2. The PMMA envelope was

fitted to the normalised C 1s spectra, and the residual revealed two components

that were not compensated for. These two components were subsequently fitted

and assigned as C−−C sp2 (284.4 eV) and C−O/C−OH (286.1 eV) [225, 226].

The C−−C sp2 is of course due to the graphene sheet, and whilst it is possible

that some intensity the C−O/C−OH component corresponds to aromatic ether

or hydroxyl bonded to the sheet, the lack of a characteristic graphene oxide

Raman spectrum means that it is more likely that this component belongs to

adventitious carbon species. The bottom C 1s spectrum in figure 7.17 was

acquired from the dry-transferred graphene. Similar to the C 1s spectrum

from wet-transferred graphene, the PVA support polymer reference spectrum

(again from Beamson & Briggs) was constructed and fitted to the raw data

along with the predominant C−−C sp2 component [270, 271]. However the

PVA reference spectrum did not result in a satisfactory fit, as the C−C:C−O

ratio is ∼ 1 in PVA, and a larger ratio was required to reduce the residual.

Therefore, the fitting parameter constraints were relaxed in order to improve

the fit. The results of that fit are shown in table 7.3. Again, the C−−C sp2

component (284.4 eV) is present but in the case of dry-transferred graphene, it

dominates the C 1s intensity. The positions of the C−O (286.5 eV) and O−C−−O

(288.8 eV) components are consistent with oxygen bonded to aliphatic carbon

when compared to the charge-referenced C−C sp3 component, i.e. adventitious

carbon [225, 226]. Whilst some of this adventitious carbon is likely to be PVA,

even assuming that the maximum proportion of the C−C sp3 to match the C−O

component, the PVA residue only accounts for an upper bound of 8.2 % of the

total C 1s intensity.
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7.3 Catalytically-grown Graphene on SiO2

The results from section 7.2 demonstrate that the dry-transfer technique, which

uses a PVA as an adhesion layer to mechanically de-laminate the graphene

from the growth substrate, is far superior to the wet-transfer technique in

maintaining both the structural and chemical purity of graphene. The method

is highly controllable, can be applied to a multitude of target substrates, and

can used on catalytically-grown graphene on diamond or SiC without extended

acid-etch times. In section 6.2.1, a moderately boron-doped (111)-orientated

diamond was graphitised using the iron-mediated graphitisation technique. The

graphene grown in this experiment was transferred to an unpolished 90 nm

SiO2/Si substrate using the dry transfer technique described in section 7.2.2.

It should be noted, that the transfer to the unpolished side of the silicon

wafer was unintentional. The catalytically-grown graphene on silicon sample

was immediately analysed with Raman spectroscopy. A representative Raman

spectrum from this experiment is shown in figure 7.18. Similar to the CVD-

transferred graphene, G and 2D peaks are clear at 1591 cm−1 and 2683 cm−1

respectively, with a 2D/G ratio of ∼1.22. Once again, the G and 2D peaks

have been fitted using a Voigt profiles which result in FWHMs of ∼16 cm−1 and

∼36 cm−1 for the G and 2D peaks respectively; both values exhibited by CVD

graphene. The 2D peak is very clearly resolved and can be fitted with a single

component. It follows then that figure 7.18 confirms the presence of single layer

graphene produced using the iron-mediated graphitisation method. However,

the dominant peak in this spectrum is the defect-related D peak at 1345 cm−1.

The D/G ratio is ∼2.09 which indicates that the transferred graphene is heavily

defected, with a defect density of (4.50± 1.35)× 1011 cm−2 which is an order

of magnitude higher than the CVD graphene transferred in section 7.2.3. Also
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Figure 7.18. Raman spectrum between 1250 cm−1 to 2850 cm−1 for catalytically-
grown graphene from a diamond (111) surface transferred to 90 nm unpolished SiO2/Si
using the PVA-transfer technique. The positions and FWHMs of the D, G, and 2D
peaks of graphene have been stated. The red line represents a multiple Lorentzian peak
fit of the D, G, and 2D peaks.

visible in figure 7.18 is the D′ peak which arises from defect-induced intra-valley

scattering [246]. The D′ peak is not often considered as it is usually small enough

to only contribute a small shoulder to the G peak, or is completely absent in the

case of pristine graphene. However in this experiment, D′ is clearly resolvable

with a D′/G ratio of ∼0.32. With this information, a confident assessment

of the defect type is possible. The D peak is very narrow with a FWHM of

∼22 cm−1 and highly symmetrical, unlike the D peak profiles of other types of

disorder carbon such as sp3 amorphous carbon, which are very broad and tend to

overlap with the G peak. A more quantitative approach involves extracting the

ratio between the D and D′ peaks which can distinguish between sp3-related

defects (i.e. chemical defects from functionalised and oxidised graphene) and

vacancy related defects (i.e. structural gaps, missing atoms, etc) due to the
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differing linear dependencies of I(D) and I(D′) for different types of defect

[272]. The D′/D ratio for the transferred graphene in figure 7.18 is ∼6.53,

which means that vacancy type defects are most prevalent in the catalytically-

grown graphene [272]. It is most likely that these defects were caused by transfer

onto a rough unpolished SiO2 surface. Referring back to figure 6.7 in chapter

6, the LEED pattern recorded immediately after graphitisation exhibited very

sharp diffraction spots and a single rotational domain of graphene as well as

almost no secondary electron contribution on the rest of the phosphor screen.

If the catalytically-grown graphene was as defected as implied by the Raman

spectrum in figure 7.18 before removal from the UHV system, then the LEED

pattern would not have shown such a high degree of crystallinity [273] or a lack

of secondary electrons. Needless to say, this experiment must be repeated and

a successful transfer to polished 90 nm SiO2/Si completed to definitely know

the Raman-extracted figures of merit, which can be extracted statistically using

large-area Raman mapping.

7.4 Chapter Conclusion

In the first half of this chapter, the patterning of catalytically-grown graphene

into simple architectures on SiC was demonstrated in both the home laboratory

and at a synchrotron end station. In both cases, the quality of the graphene /

graphite produced was not of the same quality of previous work on this system as

evidenced by a large D/G ratio and 2D FWHM. In both cases, the experiments

could not be conducted under the ideal conditions required for extremely high

quality graphene growth. In both the home laboratory and the beamline, the

annealing step to remove oxygen and reclaim a (1 × 1) SiC-(0001) surface was

unsuccessful, meaning that the ideal registry transfer from the substrate to
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the catalytically-grown graphene was not achieved. Another factor was the

cleanliness of the iron evaporation source at the SMART beamline at BESSYII

which was unable to maintain a constant deposition rate, and evidence of oxygen

contamination was detected in the iron film by XPS. Despite these issues,

the use of spatially resolved spectroscopic techniques such as Raman mapping

and XPEEM, as well LEED and LEEM have overwhelmingly demonstrated

that the graphitised regions adhere perfectly to the deposited iron pattern.

In the home laboratory, small area XPS on a graphitised region reveals a

characteristic asymmetric C−−C sp2 peak of graphene coinciding with the SiC

at lower binding energy, and ARXPS data taken at 60° from normal emission

confirms that this sp2 carbon is at the surface of the iron. The ability to

grow graphene directly into a specific pattern is a significant advantage which

avoids the potentially damaging effect of post-growth lithography techniques.

Iron-mediated graphitisation holds another advantage over CVD graphene, in

that the substrates used for the method, i.e. diamond and SiC, have equally

favourable properties for the fabrication of electronic devices. In the case of SiC,

the iron catalyst is converted to a FeSi interfacial layer during the graphitisation

process which strongly interacts with the graphene. A proposed route to

producing a graphene field-effect transistor (GFET) based radiation sensor is as

follows: by introducing this interfacial layer to an oxygen-rich environment, the

silicon will oxidise to form a insulating SiO2 layer that does not strongly interact

with the graphene. This results in the GFET architecture where a radiation-

induced ionisation event in the semiconducting SiC substrate would generate

an electric-field which could be detected by the highly sensitive graphene as a

resistivity change [274]. Direct growth of high-quality graphene into the desired

architecture for the fabrication of devices is highly favourable.
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Regardless, transferring graphene to arbitrary substrates is also required, both

for device fabrication and for characterisation efforts. To enable further

characterisation of catalytically-grown graphene using Raman spectroscopy,

a comparative study was undertaken to assess two different methods for

transferring graphene. The first ‘wet’ method is a standard transfer technique

used for CVD graphene grown on transition metal foils such as copper. However,

this technique is not suitable for the iron-mediated graphitisation method,

because the nano-scale thickness of the metal interface inhibits the diffusion

of the etchant from the edges of the graphene sheet into the middle, vastly

increasing the transfer time and introducing more opportunity for tears, cracks,

and folds to form. The increased contact time with aggressive chemicals

may also have an effect on the electronic and structural properties of the

graphene, as contaminants from the etchant may remain on the graphene

even after cleaning in de-ionised water. To avoid the common issues with

the wet-transfer technique, a second acid-free ‘dry’ transfer technique was

developed which uses water-soluble PVA as a polymer scaffold to aid in

mechanical delamination of graphene from its growth substrate. The two

transfer techniques were used to transfer CVD graphene from copper foil to

90 nm SiO2 on Si wafers, and then Raman spectroscopy, Raman mapping,

AFM, and XPS were all used to compare the quality of the post-transferred

graphene. Whilst both techniques successfully transferred the CVD graphene,

the dry-transfer technique performed overwhelmingly better than the wet-

transfer technique in all areas, from graphene quality, coverage, and amount

of polymer residues. Using the D/G statistical information from Raman

maps acquired post-transfer, the defect density for dry-transferred graphene

((2.15± 0.65)× 109 cm−2) was an order of magnitude smaller than the wet-

transferred graphene ((3.01± 0.90)× 1010 cm−2). Raman mapping and non-

185



Chapter 7. Toward Architectures of Catalytically-grown Graphene

contact AFM confirms that continuous sheets of graphene have been successfully

transferred by both techniques, although the dry-transfer method results in

far fewer long-range defects such as tears, with most large defects measuring

less than 10 µm in any one dimension. Chemical purity and the amount

of polymer residue was measured using XPS. The C 1s scan of the dry-

transferred graphene reveals a dominant C−−C sp2 component with additional

components consistent with adventitious carbon contamination indicating a

maximum possible atomic concentration of PVA-related species at ∼8 %. On

the other hand, the C 1s scan of the wet-transferred graphene is dominated

by PMMA-related components which account for ∼58 % of the total carbon

contribution. Qualitative assessment of the inelastic background on the higher

binding energy side of the O 1s indicates that there is a thicker carbon overlayer

on the wet-transferred graphene which in conjunction with the core level scans

and survey quantification, suggests a significant amount of PMMA residue.

To conclude this chapter, the superior dry-transfer technique was used to

transfer a sheet of catalytically-grown graphene from diamond to an unpolished

90 nm SiO2/Si wafer. Raman spectroscopy conducted on the graphene post-

transfer revealed the characteristic D, G, and 2D peaks of ordered sp2 carbon.

The G and 2D peak exhibited positions and FWHMs similar to that of CVD

graphene on 90 nm SiO2/Si substrates. Although the 2D/G intensity ratio was

less than the literature accepted figure-of-merit for single-layer graphene (i.e.

greater than 2), the 2D peak contains a single component that has a FWHM of

36 cm−1 indicative of single layer graphene. The 2D/G ratio can be deminished

by other factors like disorder and doping, and therefore should not be used in

isolation as a measure of the number of graphene layers [275]. The presence of

a large D and D′ peak intensity means that the transferred graphene is heavily
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defected, with a calculated defect density of (4.50± 1.35)× 1011 cm−2; an order

of magnitude higher than the CVD graphene on SiO2 analysed in this work.

By analysis of the D/D′ ratio, the origin of the defect Raman peaks can be

attributed to structural type defects such as vacancies in the graphene sheet.

Previous LEED measurements, taken immediately after graphitisation whilst

the graphene was still on the diamond growth substrate and in UHV conditions,

indicate a high degree of crystallinity with no evidence of a significant defect

density. Furthermore, the dry-transfer technique has been shown to preserve the

high structural and chemical purity of CVD graphene, with minimal levels of

polymer residue. Therefore, it is highly probable that the damage induced in the

catalytically-grown graphene was due to the roughness of the unpolished SiO2

layer. However in order to confirm this, the experiment must be repeated with

a successful transfer to a polished 90 nm SiO2/Si and a subsequent statistical

application of Raman mapping over a large area of transferred catalytically-

grown graphene.
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Thesis Summary

The focus of this thesis was to advance the understanding of diamond-graphene

interfaces and develop new techniques for the production of catalytically-grown

graphene from diamond/SiC and its fabrication into useful devices in the

future. This work consisted of three main research avenues: catalyst-free

UHV graphitisation of diamond (111) surfaces; iron-mediated graphitisation to

produce doped graphene; and the patterning and transfer of catalytically-grown

graphene from diamond and SiC.

In chapter 5, the high temperature catalyst-free UHV graphitisation of near-

atomically flat diamond (111) surfaces was presented, as well as the intermediate

surface conditions during a heating cycle to 1000 ◦C. Post-polishing, the (111)

surface is covered by a monolayer of alcohol, ketone, and carboxyls in a ∼73:23:4

ratio. After heating above 900 ◦C in UHV, a hydrogen terminated surface is

formed, exhibiting a single corrugated hexagon pattern in LEED indicative of

a (111)(1 × 1) surface. Above 930 ◦C, the surface undergoes reconstruction

into a (2 × 1) crystallographic motif. Doubling of the surface periodicity was

observed in only two directions on the (111) surface. Topography created by the
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polishing process is likely to have formed an increased number of atomic terraces

perpendicular to the polishing direction which have a reconstruction breaking

effect. ARPES and DFT modelling conducted along the KΓK direction in

the diamond (111)(2 × 1) BZ shows good agreement, and confirms that the

reconstructed surface is metallic, in contrary to the most recent ARPES data

by Graupner et al.. This work is the first modern evidence reconciling both

experimental ARPES and theoretical calculations of the band structure for the

(111)(2× 1) surface of diamond. UHV catalyst-free graphitisation of the (111)

surface occurs after the reconstruction beyond temperatures of 1000 ◦C, such

that graphene coexists on top the reconstructed diamond surface. Once again,

ARPES and DFT calculations provide the strongest evidence for the graphene-

reconstruction coexistence. ARPES and DFT modelling was conducted along

the KgMKg direction in the graphene BZ in order to fully sample the π-band,

and resulted in a superb agreement in both energy and dispersion. The Dirac

cones extend up to and beyond the Fermi level both in the experimental dataset

and the DFT modelling, and an upshift in the M -point energy at K|| = 0�A
−1

has been attributed to an increased third-nearest neighbour coupling in the

graphene, inferring a strong graphene-substrate interaction.

High temperature UHV graphitisation of the diamond surface is an energy

intensive and largely uncontrollable method of producing graphene. The

graphitisation of the diamond (111) surface using an iron-catalyst has been

shown to reduce the required temperature by up to half. The deposition of

Fe on diamond has been monitored using the REES technique revealing a

reduced conductivity at extremely thin thicknesses. This was attributed to

sub-monolayer Fe coverage and then the Fuchs–Sondheimer model of electron

scattering near metal surfaces for multiple layers. Evaporated Fe has been shown
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to initially deposit in a disordered pseudomorphic fcc structure, but undergoes

a phase transition into the Nishiyama-Wassermann bcc polymorph of Fe after

annealing to at least 320 ◦C. The iron exhibits two rotational domains showing

that registry from the underlying (111)(2× 1) diamond surface, which had only

reconstructed in two directions, is preserved. The true growth mode of iron-

mediated graphitisation was studied on a semiconducting (111) diamond surface

using REES up to maximum temperature of 685 ◦C. Four distinct regimes

pertaining to the Fe film and the diamond surface were identified during the

heating process: i) iron undergoes a phase transition; ii) the carbon is detached

from the diamond surface and migrates through the Fe overlayer as interstitial

carbon; iii) carbon precipitates on the surface of the Fe into ordered graphene

sheets, hence attenuating the Fe signal; iv) the reaction is rapidly quenched by

dropping the sample temperature and transport of carbon to the surface of the Fe

ceases immediately. XPS and LEED have confirmed the chemical and structural

purity of the resulting graphene and suggest that there is a strong graphene-

substrate interaction which, in agreement with previous studies on this surface,

suggests significant charge transfer induced n-doping in the graphene. The

iron-mediated graphitisation experiment was repeated using a (111)-oriented

HBDD with a boron concentration of (8.66± 3.32)× 1021 atoms/cm3. Boron

was successfully transported through the Fe overlayer during the catalysis,

creating a boron-doped carbon overlayer with a [B] of ∼5 at% and p-type doping

expected of boron-doped graphene/graphite. Based on the extensive study of

this method of producing graphene, it is possible that boron-doped single-layer

graphene with superior chemical and structural purity can be fabricated, as well

as other materials with 2D allotropes.

The patterning of catalytically-grown graphene into simple architectures on
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SiC was demonstrated in both the home laboratory and at a synchrotron end

station. The use of spatially resolved spectroscopic techniques such as Raman

mapping and XPEEM, as well as diffraction techniques such as LEED, LEEM,

and spatially-resolved ARXPS have overwhelmingly demonstrated that the

graphitised regions adhere perfectly to the deposited iron pattern. The ability to

grow graphene directly into a specific pattern is a significant advantage which

avoids the potentially damaging effect of post-growth lithography techniques.

Iron-mediated graphitisation holds another advantage over CVD graphene, in

that the substrates used for the method, i.e. diamond and SiC, have equally

favourable properties for the fabrication of electronic devices, such as graphene

field-effect transistor (GFET) based radiation sensors. Direct growth of high-

quality graphene into the desired architecture for the fabrication of devices is

entirely possible using this growth technique.

The importance of transferring graphene to arbitrary substrates was also

addressed in the context of device fabrication and for metrology efforts. To

avoid the common issues with the standard acid-etch technique of transferring

graphene, a second acid-free ‘dry’ technique was developed which used water-

soluble PVA as a polymer scaffold to aid in mechanical delamination of

graphene from its growth substrate. The dry-transfer technique performed

overwhelmingly better than the wet-transfer technique in all areas, from

graphene quality, coverage, and amount of polymer residues, as well as achieving

a defect density that is an order of magnitude smaller. Continuous sheets

of graphene have been successfully transferred by both techniques, although

the dry-transfer method results in far fewer long-range defects such as tears

and folds. Chemical purity and the amount of polymer residue was measured

using XPS, and demonstrates that the wet-transfer technique leaves a significant
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amount of PMMA residue, compared to the dry-transfer technique which does

impart some PVA residue, but only accounts for up to 8.2 % of the total carbon

content. To conclude this work, the superior dry-transfer technique was used to

transfer a sheet of catalytically-grown graphene from diamond to an unpolished

90 nm SiO2/Si wafer. The transferred graphene is heavily defected, which

can be attributed to damage caused by the roughness of the unpolished SiO2

layer. Future work should aim to repeat this transfer experiment, and obtain

a statistical report of the defects in catalytically-grown graphene using Raman

mapping.

192



References

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov. “Electric field effect in
atomically thin carbon films”, Science 306, 5696 (2004), pp. 666–669.

[2] K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert, M. G. Schwab,
and K. Kim. “A roadmap for graphene”, Nature 490, 7419 (2012), p. 192.

[3] P. Avouris and F. Xia. “Graphene applications in electronics and
photonics”, MRS Bulletin 37, 12 (2012), pp. 1225–1234.

[4] H. Jang, Y. J. Park, X. Chen, T. Das, M-S. Kim, and J-H. Ahn.
“Graphene-based flexible and stretchable electronics”, Advanced Mate-
rials 28, 22 (2016), pp. 4184–4202.

[5] M. D. Stoller, S. Park, Y. Zhu, J. An, and R. S. Ruoff. “Graphene-Based
Ultracapacitors”, Nano Letters 8, 10 (2008), 3498–3502.

[6] X. Li and L. Zhi. “Graphene hybridization for energy storage applica-
tions”, Chemical Society Reviews 47, 9 (2018), pp. 3189–3216.

[7] H. Xu, L. Ma, and Z. Jin. “Nitrogen-doped graphene: Synthesis, charac-
terizations and energy applications”, Journal of Energy Chemistry 27, 1
(2018), pp. 146–160.

[8] E. K. Wujcik and C. N. Monty. “Nanotechnology for implantable sensors:
carbon nanotubes and graphene in medicine”, Wiley Interdisciplinary
Reviews: Nanomedicine and Nanobiotechnology 5, 3 (2013), pp. 233–249.

[9] A. E. Jakus, E. B. Secor, A. L. Rutz, S. W. Jordan, M. C. Hersam,
and R. N. Shah. “Three-dimensional printing of high-content graphene
scaffolds for electronic and biomedical applications”, ACS nano 9, 4
(2015), pp. 4636–4648.

[10] L. Feng and Z. Liu. “Graphene in biomedicine: opportunities and
challenges”, Nanomedicine 6, 2 (2011), pp. 317–324.

[11] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari. “Graphene photonics
and optoelectronics”, Nature Photonics 4, 9 (2010), p. 611.

[12] X. Wan, Y. Huang, and Y. Chen. “Focusing on energy and optoelectronic
applications: a journey for graphene and graphene oxide at large scale”,
Accounts of Chemical Research 45, 4 (2012), pp. 598–607.

193



References

[13] A. Sedaghat, M. K. Ram, A. Zayed, R. Kamal, and N. Shanahan.
“Investigation of physical properties of graphene-cement composite for
structural applications”, Open Journal of Composite Materials 4, 01
(2014), p. 12.

[14] Z. Yan, D. L. Nika, and A. A. Balandin. “Thermal properties of graphene
and few-layer graphene: applications in electronics”, IET Circuits,
Devices & Systems 9, 1 (2015), pp. 4–12.

[15] Zion Market Research. Graphene Market (Mono-Layer and Bi-Layer
Graphene, Few Layer Graphene, Graphene Oxide and Graphene Nano
Platelets) for Composites, Energy Storage, Electronics and Others Ap-
plications: Global Industry Perspective, Comprehensive Analysis, and
Forecast, 2016-2022. https://www.zionmarketresearch.com/report/
graphene-market. pdf. 2017.

[16] Graphene Flagship. European Roadmap for Graphene Science and Tech-
nology. https://graphene-flagship.eu/project/roadmap/Pages/
Roadmap.aspx. 2019.

[17] S. P. Cooil, F. Song, G. T. Williams, O. R. Roberts, D. P. Langstaff,
B. Jørgensen, K. Høydalsvik, D. W. Breiby, E. Wahlström, D. A. Evans,
et al. “Iron-mediated growth of epitaxial graphene on SiC and diamond”,
Carbon 50, 14 (2012), pp. 5099–5105.

[18] F. S. Phinney. “Graphitization of diamond”, Science 120, 3114 (1954),
pp. 393–394.

[19] J. Sung. “Graphite→ diamond transition under high pressure: A kinetics
approach”, Journal of Materials Science 35, 23 (2000), pp. 6041–6054.

[20] S. P. Cooil, J. W. Wells, D. Hu, Y. R. Niu, A. A. Zakharov, M.
Bianchi, and D. A. Evans. “Controlling the growth of epitaxial graphene
on metalized diamond (111) surface”, Applied Physics Letters 107, 18
(2015), p. 181603.

[21] Y. Y. Wang, Z. H. Ni, Z. X. Shen, H. M. Wang, and Y. H. Wu. “In-
terference enhancement of Raman signal of graphene”, Applied Physics
Letters 92, 4 (2008), p. 043121.

[22] D. Yoon, H. Moon, Y-W. Son, J. S. Choi, B. H. Park, Y. H. Cha,
Y. D. Kim, and H. Cheong. “Interference effect on Raman spectrum
of graphene on SiO2/Si”, Physical Review B 80, 12 (2009), p. 125422.

[23] J. F. O’Hanlon. A User’s Guide to Vacuum Technology. 3rd ed. John
Wiley & Sons, Inc, 2003.

[24] P. Atkins and J. de Paula. Atkins’ Physical Chemistry. 8th ed. Oxford
University Press, 2006.

[25] J. W. Jewett and R. A. Serway. Physics for Scientists and Engineers
with Modern Physics. 8th ed. Cengage Learning, 2010.

194

https://www.zionmarketresearch.com/report/graphene-market
https://www.zionmarketresearch.com/report/graphene-market
https://graphene-flagship.eu/project/roadmap/Pages/Roadmap.aspx
https://graphene-flagship.eu/project/roadmap/Pages/Roadmap.aspx


References

[26] G. T. Barnes and I. R. Gentle. Interfacial Science: An Introduction.
2nd ed. Oxford University Press, 2011.

[27] H. Hertz. “Ueber einen Einfluss des ultravioletten Lichtes auf die
electrische Entladung”, Annalen der Physik 267, 8 (1887), pp. 983–1000.

[28] A. Einstein. “The photoelectric effect”, Annalen der Physik 17, 132
(1905), p. 4.
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[51] P. Steiner, H. Höchst, and S. Hüfner. “Analysis of the plasmon structure
in XPS experiments of simple metals”, Physics Letters A 61, 6 (1977),
pp. 410–412.

[52] R. A. Pollak, L. Ley, F. R. McFeely, S. P. Kowalczyk, and D. A. Shirley.
“Characteristic energy loss structure of solids from x-ray photoemission
spectra”, Journal of Electron Spectroscopy and Related Phenomena 3, 5
(1974), pp. 381–398.

[53] R. F. Egerton and M. J. Whelan. “The electron energy loss spectrum
and band structure of diamond”, Philosophical Magazine 30, 4 (1974),
pp. 739–749.

196



References

[54] W. Bambynek, B. Crasemann, R. W. Fink, H-U. Freund, H. Mark, C. D.
Swift, R. E. Price, and P. V. Rao. “X-Ray Fluorescence Yields, Auger,
and Coster-Kronig Transition Probabilities”, Reviews of Modern Physics
44, 4 (1972), pp. 716–813.

[55] D. Coster, L. Kronig, and R. De. “New type of auger effect and its
influence on the x-ray spectrum”, Physica 2, 1-12 (1935), pp. 13–24.

[56] S. P. Cooil. “Controlling the Epitaxial Growth of Graphene on Diamond
Surfaces”. Ph.D. thesis. Aberystwyth, 2014.

[57] C. J. Davisson and L. H. Germer. “Reflection of Electrons by a Crystal of
Nickel”, Proceedings of the National Academy of Sciences of the United
States of America 14, 4 (1928), pp. 317–22.

[58] L. de Broglie. “Recherches sur la theorie des Quanta”. Paris, 1925.

[59] G. Held. “Low-energy electron diffraction crystallography of surfaces and
interfaces”, Bunsen-Magazin, 12 (2010), pp. 124–131.

[60] L. H. Germer and C. D. Hartman. “Improved Low Energy Electron
Diffraction Apparatus”, Review of Scientific Instruments 31, 7 (1960),
pp. 784–784.
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