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Abstract

Two-dimensional (2D) materials have been at the forefront of materials research, owing to
their unique and potentially powerful properties that have promise in fields ranging from
nanoscale electronics, to single atom catalysis. The I09 beamline at Diamond Light Source
is a one-of-a-kind laboratory, exploiting synchrotron radiation to study the various proper-
ties and structures of surfaces and interfaces under ultra-high vacuum (UHV) conditions.
The work described in this report involved the investigation of epitaxial growth of azupyrene
and pyrene on Cu(111) for the synthesis of graphene, and epitaxially grown molybdenum
disulfide (M0S,) on Au(111), using various surface analytical techniques including: low en-
ergy electron diffraction (LEED), normal incidence X-ray standing waves (NIXSW), energy-
scanned photoelectron diffraction (PhD), scanning tunneling microscopy (STM), and X-ray
photoelectron spectroscopy (XPS). The data for this was acquired by the Surfaces and Inter-
faces group with the 109 beamline at Diamond Light Source, some of which was taken during

my time working there.

The study of the growth of azupyrene and pyrene on Cu(111) single crystal at varying crystal
temperatures compares the differences in growth mechanism between an alternant (pyrene)
and a non-alternant (azupyrene) reagent. LEED analysis revealed synthesis of graphene at
970K for azupyrene, and 870 - 1070 K for pyrene. Furthermore, the study allowed for cate-
gorisation of growth stages for azupyrene into molecular(~ 300 K), dendritic (~820K), 2D
islands (~ 870 K), and ideal graphene (~ 970 K). Preparations of pyrene at similar crystal
temperatures were also produced. The two sets of preparations were then compared using
NIXSW, STM, and XPS, revealing key differences in the growth mechanisms of the two
molecules. Key differences between the two include include; large changes in electronic
structure and adsorption height for azupyrene, but minimal changes in these properties dur-
ing the growth of pyrene. Furthermore, the existence of suspected pyrene trimers in high

crystal temperature preparations was seen.

The investigation of epitaxially grown MoS; on Au(111) applied PhD for structural determi-
nation. This study revealed a lack of substantial correlation between full structure models of

1T and 1H configuration MoS, with the experimental PhD spectra; indicating an incomplete-



ness in the model. This was suggested to be a consequence of not including any corrugation
of the surface within the model. This corrugation was identified in a separate study inves-
tigating the existence of a Moire superstructure in this system[1]. Further improvements in
correlation were made through simplification of the model to trimer and hexamer base units,
in an attempt to understand the fundamental structural parameters (i.e. bond lengths, and
angles). These revealed an inconsistency between the models and literature values; imply-
ing the models did not match the reality of the system, and may be too simplistic. Possible
constraints that may be preventing models from matching the experimental system include:
existence of heterostructures, composed of varying configuration of MoS, within the sam-
ple; the aforementioned Moire superstructures; and other restrictions placed on the model

erroneously.
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Chapter 1

Introduction

1.1 2D Materials/Nanomaterials

Since the turn of the century, after the discovery of the existence 0 dimensional fullerenes[15]
and 1D carbon nanotubes[16], then later success in producing 2D graphene[17], there has
been an explosion of interest into 2D materials both in academia and industry. The fascina-
tion has been maintained with numerous developments both in discovery of new 2D materials
such as Transition Metal Dichalcogenides (TMDCs)[18], Hexagonal boron nitride (HBN),
and the X-enes[19]. What makes this class of material so attractive is their unique properties
as a result of their restriction in 1D. For example, in 2D materials, electrons become confined
to in-plane movement, and their band structures are altered by lack of interlayer interactions
that exist in their bulk and, to a lesser extent multilayer forms. This substantially alters their
optical and electronic properties relative to these alternate forms[20], providing properties
unique to this type of structure. Furthermore, 2D materials have differing geometry, and sig-
nificantly greater surface to bulk ratio, that can also have a strong effect on their chemical

properties[21].

The majority of 2D material research has been carried out on graphene, due to its remark-
able electronic, mechanical, and chemical properties. Many proponents propose to replace
the prominent silicon semiconductor technology, with the aim of utilising graphene’s high
carrier mobility, which could substantially speed up computing times through low loss, high
frequency operation[19]. However, without an intrinsic bandgap required for use in semicon-
ductor electronics, such as transistors, it cannot replace silicon in this regard. One solution to
this has been the possibility of functionalisation or other alterations to change the electronic
band structure, for example, through application of strain or twisting [22]. Subsequent to
graphene’s discovery and realisation of existence of 2D materials, interest and research into
other 2D materials blossomed. Many of these have widely varying band structures, whilst

sharing some of the common features of 2D materials such as transparency, flexibility, and
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mechanical strength. The band structures of many inorganic materials, when converted into
single layers have shown intriguing changes in optical properties[18]; with shifts in properties
with numbers of layers such as electronic band structure structure shifts, resulting in colour
shifts, changes in photoluminescence and fluorescence to name a few. Another interesting
aspect of 2D materials lies in the change in reactivity, and physico-chemical properties, such
as the way molecules adsorb and bind to the surface, but also mechanisms of surface plas-
mon resonance. To exploit the properties of these materials, much more research is required;
including that to understand their features and mechanisms and the methods used to synthe-
sise them, with the purpose of providing knowledge to apply them effectively at later stages
in their development [19, 23]. The aforementioned electronic structure and properties come
part and parcel with the physical structure itself, thus it is vital to study these. These are the
driving forces behind the research carried out in this thesis, involving structural analyses of
various 2D materials utilising surface techniques including LEED, XPS, PhD, NIXSW, STM,
some of which are unique to the 109 beamline at Diamond Light Source where the majority

of this research was carried out.



Chapter 2

Theory

2.1 Ultra High Vacuum

The study of surface science utilises techniques that probe atomic scale structure and prop-
erties. This is dependent on a well-characterised interface of consistent structure and a clean
environment to allow analytical techniques to function correctly. Electron spectroscopies,
for example, are notably affected by higher pressures through higher impingement rate and
shorter mean free path. To reduce impact of this, ultra high vacuum (UHV) systems are
typically utilised. The effect of this can be understood by a fundamental analysis of flux of
particles from atmosphere on a surface, through kinetic theory of gases [2, 24]. This gives a
rate of arrival of these particles as:

fa = % pv, (2.1)
where V is average velocity of particles, and p is particle density. Taking the kinetic energy of
the particle as ]% per degree of freedom, at temperature, 7', and relating it to kinetic energy,
one gets an expression for the root mean square velocity, v, of:

2 o 3kBT

v - Y
rms m

(2.2)

where m is the mass of the particle, and the particle has 3 degrees of freedom. This can be

/8
V= gvrms. (2.3)

Whilst pressure can also be defined as:

related to average velocity through:

P = pkgT, (2.4)
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which can be combined with Equation 2.1, one gets the expression:

1
Y S — 2,
fa 27kgTm 2:5)

Assuming P in mbar, T in Kelvin, and converting m to molecular weight, M, one arrives at

the expression for rate of arrival in cm =25~

P
r,=4.67 x 1022 ——. 2.6
a N 26)

Considering a room temperature experimental chamber at relatively low pressure of 10~% mbar

25~!. Supposing that monolayer ex-

of N»; the predicted arrival rate is 4 x 10'* molecules cm ™~
posure is 10! atoms c¢m ™2, then it would take several seconds for monolayer exposure. At
lower pressures of 10~ 9 mbar, it would take 30 mins to do so, at atmospheric pressure of
~ 1000 mbar, on the other hand, it would take 1 nanosecond. It is clear that interactions
between the surface are inevitable to occur, even at relatively low pressures. It is for this
reason that great effort must be made to maintain a UHV system, pressures of which tend to

be around 10~2 — 10~!'! depending on the requirements of the system [24, 25].

Initial UHV systems were made from glass due to its surprising strength to withstand low
pressures and low outgassing, which, in fact, allowed lower pressures than the metal cham-
bers used commonly today. These were severely flawed in their inherent fragility and single
use capacity; a chamber was setup then encased in glass, having to be broken to make any
substantial adjustments. As such, modern UHV systems are made from metal, often steel, or
an alloy of steel with high magnetic shielding, y metal, chambers and pipes connected with
low vapor pressure rubber or soft metal gaskets paired with knife-edges to reduce leaks be-
tween chambers. Once built, the chambers are then pumped down to low pressures gradually
with an array of pumps to get the chamber down to UHV pressures. Numerous pumps are
attached to a vacuum chamber to acquire and maintain vacuum within the system, constantly
pumping molecules out of a chamber until equilibrium between the pumps and the sources
of pressure within the chamber. This process can take periods of up to several days due to
factors such as outgassing from the chamber components, or worse, there can be leaks in the
system that are often nanoscopic and cannot be seen with the human eye. Furthermore, there
can exist pockets of gas which cannot be pumped efficiently due to the setup of the system,
leaving a system unable to reach low pressures indefinitely. In these cases, easily pumped
gases such as argon can be pumped into the system to flush out these pockets of gas. To
speed up the pumping process and reach lower pressures more quickly, it is typical to "bake"
the chamber. This involves heating the chamber to 100s of degrees C to increase the out-

gassing rate, from the various materials within the chambers, over the period of up to a few
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days to accelerate this process.

In addition to UHV systems needing to be pumped down, the crystals/samples and evapo-
rant (materials for deposition) that are studied within these systems must undergo a similar
process. They must placed into a separate chamber, and that chamber must be pumped down
to lower pressures, over the course of several hours or even days. After which, they can be
opened up, through a valve, into the chamber. To transfer crystals/samples about in vacuum,
intricately engineered manipulators must be utilised, whilst maintaining the vacuum. Once
finally into the main UHV chamber, their surface must be cleaned from all the debris and
contaminants picked up from atmosphere/higher pressures. This is mostly done in sifu using
techniques such as: mechanical cleaving, chemical processing, heating, or most commonly,

ion bombardment.

Ion bombardment, typically with Ar™ ions, is one of the most prominent UHV cleaning
methods due to its repeatability, ease-of-use, speed, and ability to remove even strongly
bound adsorbates. The process involves opening a clean source of the gas into the UHYV,
1onising the atoms by colliding them with electrons, then accelerating the resulting ions with
an electric field, onto the crystal surface. These high velocity ions then collide with adsorbate
and the surface, knocking atoms and molecules off, including those of the surface. This leads
to a relatively rough surface that must then be annealed to high temperatures to repair the
surface, desorb the impinged argon ions and to outgas the crystal. One might also expect that
introducing particles into the vacuum would be harmful to the pressures, however, ions used

for this are typically suited for easy pumping by typical UHV pumps.

Regimes of flow

Levels of vacuum are often referred to by their regimes of flow, which describes the kinetic
regime that gas particles are in, at different pressures. This is useful to describe the pressures
at which different UHV components (e.g. pumps and gauges) are used. The regime of flow
is measured by the ratio of the mean free path of an atom, L, and the dimension of the vessel,
D. Where L << D then flow is described as viscous, as particles are restricting and interact-
ing with each other much more than the vessel. This typically includes pressures of between
1000 and 1 mbar. Whereas, where L >> D flow is described as molecular, at pressures lower
than 107°. At these pressures, collisions between particles and the sides of a chamber are
more prominent than with each other. Between these two regimes is transitional flow where
L ~ D, with pressures of around 0.1 mbar [2, 24]. It is important to have the distinction as
various vacuum equipment functions best or doesn’t function at all in different regimes of

flow.
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2.1.1 Pressure Gauges

Whilst at atmospheric and higher pressures, pressure is typically measured through force as a
result of pressure differentials. In vacuum it is not possible to measure pressure this way, due
to the much lower number of particles in the atmosphere. Even in different levels of vacuum,
pressure must be measured using different types of gauges as there are regimes of flow in
which they can function safely and remain accurate. From viscous down to the transitional
regimes of flow, a Pirani gauge can be used. It measures pressure through the temperature of
a heated filament, indicated by the resistance in the filament. The temperature itself conveys
the rate of heat loss due to convective mechanisms which is dependent on the pressure of
the gas. Once the pressure is too low, then differences in heat loss becomes too small to
measure. Below this range is where the inverted magnetron gauge (IMG), is often utilised.
The IMG functions through ionising gas through spiralling electrons in a strong electric and
magnetic field. Collision of electrons with molecules produces ions, which are then attracted
to a cathode, from which a current can be measured to indicate gas pressure. The collision
process also produces more electrons, which further facilitates the ionisation process. These
gauges can function from 10~* — 10~ mbar, above which, the IMG can be damaged due to
an excess of ionising gas. Hot cathode gauges (HCGs) use a similar mechanism to measure

pressure in these ranges [2].

2.1.2 Pumping

The range of vacuum pumps varies in mechanism depending on regime of flow for which
it is designed. Mechanical pumps or roughing pumps are the most prominent, on a UHV
chamber; designed to pump in viscous flow regime, with pumping volumes of around 1m>
per hour and can typically pump a system down to ~ 1 — 10~ mbar. These function by com-
pressing a volume of gas above atmospheric pressure such that the gas can be exhausted out
of a one-way release valve. An example of these is a scroll pump, which is made up of inter-
laced spirals, one of which is static, whilst the other rotates around the other. This traps gas
against the wall of the static spiral then slowly transports it into the centre where the exhaust

valve is located, seen in Figure 2.1.

Turbomolecular pumps function in the subsequent regimes of flow, transitional and molec-
ular. These are often used inline with roughing pumps, and are only functional at pres-
sures below 1072 mbar. When paired with roughing pumps, they can acquire pressures of

~ 107% mbar. These are differential pumps, which function by creating a pressure differential
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Figure 2.1: Diagram of mechanism of scroll pump. Depicting gas (blue) being compressed
against the inner wall of the static spiral (dark grey) by the rotating spiral (light grey), even-
tually into the central release valve [2].

between the inlet and outlet. Turbo pumps do so using a set of fast moving, angled fan blades
which compress gas molecules through the pump, into sets of stationary blades which then
deflect molecules down into the next set of rotating blades. These stationary blades also act
to prevent backflow. At the rear of the pump is a drag stage that directs pumped molecules
out of the outlet. Adjustments can be made to the parameters of the turbo pump such as the
fan blade speed and angle, to alter the compression ratio and overall pumping speeds; often
specialised for certain molecular weights of gas particles that are common in a specific UHV
chamber.

Finally, you have capture pumps which function through capturing gas particles using a reac-
tive metal surface, onto which gas particles adsorb and are impinged until its finite capacity
is reached. The most popular of these is the ion pump. lon pumps can be used between
10~* — 10~ mbar (though they shouldn’t be used at the upper end of this range as they
will rapidly be exhausted) and capture gas through the same mechanism as the IMG, where
electrons are fired and put in a spiralling motion by an electric and magnetic fields, ionising
gas particles, after which the fields direct them into a reactive titanium cathode which buries
or impinges them. The accelerated particles can also sputter titanium ions off, which then
coats the surrounding walls and anode, providing more reactive surface to hold gas particles.
Meanwhile the additional electrons produced by ionisation, will also be spiralled and un-
dergo further ionisation with other gas particles. This whole process is mirrored in a number
of a honeycomb of cells within in the ion pump, multiplying its effect. Titanium sublimation
pumps (TSP) are another type of capture pump that is often fired periodically to speed up re-
duction in vacuum. TSPs utilise the reactivity of titanium, allowing gas to be impinged on the
titanium coated walls of the pump. A titanium alloy filament is heated periodically to recoat
the internals of the pump with titanium. To fully coat the internals can take a few seconds at
1073 mbar, but will take several hours at low pressures around 10~° mbar. Non-evaporable
getter (NEG) pumps are another diffusive pump which functions on the absorption on gas

particles into the bulk of a porous metal alloy.
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Typical UHV chambers can have a range of different pumps depending on funding for the
chamber, pressure requirements, and preferences of the engineers and scientists using them.
For example, at the primary end station at I09 of Diamond Light Source, pressures of as low

as 10~ mbar are common [2].

2.2 109

The majority of data shown in this thesis, particularly any PhD, NIXSW, and XPS data, was
acquired at the 109 beamline at Diamond Light Source. 109 is rather uniquely a two undulator
beamline that provides a selection of two photon energy ranges in soft (100eV - 1800eV)
and hard (2.1keV - 20+ keV) X-ray regimes; with both beam spots of size 40 um (hard) and
20 um (soft) aligned to the same spot in the end station. The hard and the soft undulators
utilised have magnetic periods of 27 mm and 60 mm, respectively. The ability to quickly
alternate between use of hard and soft X-rays is invaluable for surface and interface studies,
allowing analysis using various techniques interchangeable during the experimentation pe-
riod. This is particularly useful when carrying out initial studies of a sample, for example,
when calibrating synthesis technique for desired coverages. Soft X-rays are particularly use-
ful for characterisation of surface preparations using XPS, through study of core levels within
that energy range. Meanwhile, hard X-rays have wavelengths in the range of scattering plane
separations for crystal reflections, this allows higher throughput study of a different facets of
surface structure. Hard X-rays, in particular, important for NIXSW measurements, as elabo-

rated in Section 3.3.

Selection of photon energies from undulator spectra is done by a Si(111) double-crystal
monochromator (DCM) for hard X-rays, followed by numerous beam optics to align and fo-
cus the beam, and improve resolution. Meanwhile, for soft X-rays, a plane grating monochro-
mator (PGM) is utilised for energy selection, with optics acting to similar effect are utilised
[3, 26].

Both the PGM and DCM are based upon the physics of diffraction, where light reflecting off
of a grating forms a diffraction pattern with angular spacing defined by its wavelength. This
system is described by the following condition for constructive interference from a diffraction
grating:

mA = dg(sina + sinf3), (2.7)

where constructive interference occurs for integer, n, multiples of wavelength, A, the term
dgsina defines the incoming path difference between waves incident on different groves in
the grating, and dgsinf3 defines the outgoing path difference, where & and 3 are the incoming

and reflected angles, respectively, with respect to the normal of the plane grating. When the
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Figure 2.2: Partial schematic diagram depicting the fundamental components making up the
109 EH2 UHV chamber. Note that this only includes primary components of the system [3].

undulator X-rays are incident on the PGM, the spectrum of wavelengths contained within the
beam are spread spatially, this spread is directed at an exit slit which selects for photon energy
from the spatial spread. To adjust the photon energy, the plane mirror preceding the PGM and
the PGM itself will be rotated to adjust the resulting diffraction pattern, and thus the photon
energy passing through the exit slit. The basis of the DCM is very similar, however, due
to the smaller wavelengths of the hard X-rays, the grating spacing for a PGM would be too
large such that the spread of wavelengths would not be too narrow, and the resulting energy
resolution would be too broad. Alternatively, the DCM utilises the atomic spacings of two
Si(111) single crystal mirrors for diffraction, compared to the spacing of the gratings in the
PGM; with the second crystal staggered, but still parallel. This second crystal redirects the
beam back in the direction of the beamline; whilst also providing better energy resolution
through undergoing diffraction again. These crystals are then rotated to adjust incidence

angles to select for photon energies.

2.2.1 109 End-station

EH2 is the main end-station of the 109 beamline, receiving the beam spot of both the soft
and hard X-rays onto its main manipulator. A diagram of the 109 end-station can be seen
in Figure 2.2. The end station consists of an analysis chamber with 1 preparation chamber
atop the analysis chamber (SPC1), and another preparation chamber adjacent to the analysis

chamber (SPC2). In the analysis chamber and SPC1, is an electronically controlled 5-axis
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manipulator, with an in-built heating filament, that can move between the two stacked cham-
bers; between which there is a gate valve to prevent exposure of the analysis chamber during
preparations. Meanwhile, SPC2 has its own manual transfer arm (not shown), that can move
samples between the analysis chamber, a sample storage chamber, and SPC2, and a man-
ual manipulator with two sample holders, either with a pBN or an e-beam heater. In both
preparation chambers, there are ports for dosers/evaporators to be mounted, in addition to
ion guns paired with argon leak valves for sputtering clean the crystals. Not shown in the
diagram are 2 load-lock chambers, attached to the analysis chamber and SPC2, for loading
samples into the UHV chamber from atmospheric pressure; these are then pumped down suf-
ficiently before they can transfer into their respective chambers with their own transfer arms.
The analysis chamber contains a micro channel plate (MCP) LEED, the point at which the
X-ray beams converge, with a hemispherical analyser (VG Scienta EW4000 HAXPES angu-
lar acceptance of £30°) mounted perpendicular to the manipulator and incident beam. This
chamber is where XPS, NIXSW, PhD, and LEED are measured; for NIXSW, specifically, a
fluorescent plate with a hole is fixed on the entrance through which the X-ray beam arrives.
The fluorescent plate, along with a CCD camera to measure intensity, are used to measure

the reflectivity of curve of the crystal during NIXSW.
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Experimental and Supporting techniques

3.0.1 Inelastic Mean Free Path and the Universal Curve

The Inelastic Mean Free Path (IMFP) of an electron is one of the key properties to understand
in surface science as it directly influences the surface sensitivity of a technique through their
penetration depth into the surface. The IMFP is defined as the mean path length of an incident
electron through a material before undergoing an energy loss mechanism through interaction
with the solid. These include: plasmon scattering, single-particle electron excitations with
valence and core electrons; phonon scattering, however, can be ignored as it induces too small
energy changes on involved electrons to be notably detectable by most techniques [27]. The
fundamental relationship of IMFP describes the exponential decay in intensity of a beam of

electrons incident on a solid surface:
I(d) = Ipe*E) (3.1)

where I(d) is the intensity after the primary electron beam has travelled through the solid
to a distance d; Iy is the initial intensity before attenuation. The parameter A(E), termed
the inelastic mean free path (IMFP), is defined as the distance an electron beam can travel
before its intensity decays to é of its initial value. Whilst IMFP does can vary between
materials, the relationship between IMFP and electron energy typically follows the same
Universal Curve shown in Figure 3.1. The shape of the Universal Curve is dominated by
plasmon scattering; the cross section of which varies with energy. The energy at which
this cross section is greatest is called the plasmon energy, and defines the minimum in the
curve. At energies lower than this plasmon energy, electrons have insufficient energy to
cause plasmon excitation thus energy losses are limited only to single-particle excitation;
thus IMFP for these lower energy electrons is much longer. Above the plasmon energy, the
plasmon scattering cross section is high, hence, scattering becomes the dominant energy-loss
mechanism. This cross section decreases with greater kinetic energy, giving much longer

IMFPs for high energy electrons. At ~ 2 —3x the plasmon energy, one finds the minimum

13
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Figure 3.1: Universal curve depicting the IMFP for typical elements utilising equation 3.2,
with A = 143, and B = 0.054 [4].

of the curve with kinetic energy around 50 — 100 eV. The rapid increase in scattering length
above this region of low IMFP can be interpreted through the velocity of the electron, where
fast moving electrons have a short period of time to interact with a material before travelling
further into the crystal. The effect on the lower end of this curve can be explained by electrons
having insufficient energy to excite even valence electrons. These mechanisms are modelled
by the following mathematical relationship:

A(E):%+B.Ei, (3.2)
where A(E) is the IMFP, A and B are parameters unique to a material that characterise the
extent of inelastic energy loss of electrons within that material. The A parameter controls
the lower energy interactions whilst the B parameter controls the higher energy interactions
(Z 150eV) [4].

This largely defines the surface sensitivity of techniques such as SXPS, PhD and AES,
where electron energies are often about this energy range. For example, soft XPS which can
utilise electrons in energy ranges of 100 — 1000eV where IMFP can range from 5.5 A, to
17.1 A. In reality, one must also consider elastic collisions which, though not energy-loss
inducing, often extend path length, leading to attenuation from other inelastic effects. As
such, the true mean path length of an electron, commonly referred to as electron attenuation
length, is possibly up to 30% less than that predicted by the IMFP formula [28].
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Figure 3.2: Setup of a LEED experiment depicting electron gun on (left) firing low energy
electrons at a sample, off which the electrons diffract towards the hemispherical fluorescent
screen which is shielded by EM grids, often used for retarding low energy electrons.

3.1 Low Energy Electron Diffraction

One of the oldest and most common surface sensitive techniques is that of Low Energy Elec-
tron Diffraction. Diffraction of electrons, and consequently the earliest evidence of wave-
particle duality, was discovered by Davidson and Germer in 1927 [29]; as described in the
previous section, at low kinetic energies of the electrons, the IMFP is short and the diffrac-
tion process becomes surface sensitive. At energies between 10 - 100 eV, layers deeper than
3 —4 atoms are invisible to the technique. The schematic diagram for LEED can be seen in
Figure 3.2, depicting an electron gun, emitting low energy electrons of precise kinetic energy
at a crystal target from which the electrons will scatter and diffract. The resulting diffraction
pattern is collected on a fluorescent screen. There are various electric grids used to create
fields for adjustment of the resulting diffraction pattern, for example, an initial retarding grid

1s used to limit the random sources of electrons on the fluorescent screen.

The resulting diffraction pattern is representative of the long range ordered structures across
the surface, with an information depth of roughly a few atoms deep. A consequence of the
low IMFP in LEED, is an inherent complexity in the LEED pattern. This makes it difficult
to model LEED patterns accurately, especially when the surface structure is not known, and
is trying to be solved as is done in LEED-IV. To fully interpret a LEED pattern, one requires
positions and intensities as a function of energy for which a dynamical diffraction theory that
accounts for multiple scattering by each of the atoms in the involved layers is necessary. In-

stead, LEED is more often used as a qualitative technique, using a simple geometric theory.
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Figure 3.3: Image of LEED pattern of graphene on Cu(111), depicting copper lattice spots
with characteristic graphene arc. Image was taken at 150eV [5].

This geometric theory is based off of the simple fact that the diffraction spot position are
determined by the size and shape of the unit cells on the surface, with intensities defined by
the atomic co-ordinates in this unit cell. The LEED pattern and its spots comprise a recipro-
cal lattice, where a large separation between spots indicates a small real space separation on
the surface, and vice versa. An example of a LEED pattern is shown in Figure 3.3. This is
conveyed mathematically with real space basis vectors for the unit cell a; and a,, defining a
parallelogram with angle between them, y. Whereas the reciprocal space equivalents are a]

and a3, with angle y*. The vectors relate by the following scalar product expression:
ai-aj = &, (3.3)

where i, j = 1 or 2, and §;; is the Kronecker  function which is equal to 1 where i = j and 0

elsewhere. This gives subsequent relationships:

1
* = 4
4 aysiny’ 3.4
. 1
A = azsiny’ 3.5)
Y= (3.6)

Whilst this approach can provide distances and bond lengths, with precision depending on
that of the bulk crystal and LEED setup, it is often useful for verification of type of structure,

order and relative coverage [24, 25].
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Figure 3.4: Diagram of the process of photoemission during XPS, depicting an incident pho-
ton of energy, hv, exciting a core level electron of binding energy, Ep, surpassing the work
function, W, between the vacuum level, E,, and the fermi level, E7, emitted with kinetic
energy, KE.

3.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a spectroscopic, surface analysis technique often
used for both qualitative and quantitative elemental analysis. XPS probes the binding energies
of core level electrons in the X-ray region. It does so through measurement of the kinetic
energies of electrons emitted as a result of absorption of an X-ray. The high energy of X-
rays allows probing of an atom’s core levels which are not involved in bonding, and thus
their energies are primarily characteristic of the atom from which they originate, allowing
distinguishing of different elemental species in a substance, with a slight energy shift due to
the surrounding environment. As electrons are predominantly excited by photons of energy
similar to their binding energy, the resulting kinetic energies are mostly insufficient for deep
penetration of the surface due to their shorter IMFP, see Section 3.1, making the technique
particularly surface sensitive. It is one of the primary techniques used for most adsorbate
studies. The previously mentioned shifts in binding energy, referred to as chemical shifts,
due to the surrounding chemical environment depend on the bonding environment around
the atom; highlighting features that are indicative of this such as an atom’s oxidation state.
The result of an XPS measurement and analysis is a spectrum of photoelectron intensity with
respect to binding energy of the electron, seen in Figure 3.5, depicting peaks with features
unique to the electronic and chemical environments within a sample.

The process of XPS, depicted in Figure 3.4, involves the following steps: absorption of
a photon with an energy greater than the binding energy of an electron; after which a photo-

electron is emitted with kinetic energy from the surplus of energy remaining after excitation.
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Figure 3.5: Example C 1s XPS spectrum of monolayer napthalene and azulene on
copper(111)[6].

The minimum energy required for an electron to be emitted from a material is the work func-
tion, ¢, the energy gap between the fermi and vacuum level, for a material. For metals, this is
the minimum energy required to excite an electron to the vacuum level from the Fermi level
(the highest occupied energy level). This process is defined by the principal equation of XPS;
describing the binding energy (Ep) of the photoelectron in the absence of shifts:

EB:hV—EK—¢, (3.7)

where & is Planck’s constant, v is photon frequency, and Ex is the kinetic energy of the
photoelectron. This interaction involves the excitement of an electron from core-level to the
vacuum level, the energy at which the electron escapes the potential of the atom. Instead of
defining Ep in reference to vacuum level, in a typical XPS experiment, binding energies are
commonly referenced to the previously mentioned Fermi level. This energy can be deter-
mined quickly and accurately during the experiment through measuring the lowest binding
energy emission in an XPS spectra. Whereas the vacuum level requires further information
unique to an experimental system, for example, the variable work function of the analyser,

making it less easy to use as a reference point [24, 25].
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3.2.1 Quantum Mechanical Approach

To fully understand the contributions to an XPS peak, one can interpret the quantum me-
chanics of the photoemission interaction. The binding energy of an electron in an X-ray
photoemission interaction can be taken to equal the energy difference between the initial

state of the atom with # electrons and final state of the ion with n — 1 electrons:
EB(k) :Ef(l’l— l)—El'(l’l), (38)

where E¢(n — 1) is the final state energy and E;(n) is that of the initial state. Koopmans’ the-
orem is the one electron approximation case. This is where no spectator electrons rearrange,

and the binding energy would be the negative of the orbital energy of the initial electron state:
Ep(k) = —&, (3.9)

where & is the negative of the orbital energy of the initial state of the electron, and binding
energy is referenced to vacuum level. This approximation can be defined using the single
particle wavefunction of the unremoved electron, ¢;, the n — 1 wavefunction of the electrons

in the resulting ion, ¥;(n —1):

l//,-(n):¢)j|‘Pj(n—l), (310)

where y; is the wavefunction for the whole initial state. Whereas the final state wavefunction
is:
yi(n—1)=%¥;(n—-1). (3.11)

Applying the Hamiltonian operator, we can determine the energies of the initial state:

Ei(n) = (yi(n) |H|yi(n)), (3.12)

and the final state:
Ef(n—l):<‘I’j(n—1)\H|‘Pj(n—1)>, (3.13)

so long as E;(n) and E¢(n — 1) are single valued, only one peak is expected.

Next, one must consider the final ionic state of the system with an unstable core hole in place
of the electron. Within the atom, the energies of the remaining electrons within the system
relax to shield the newly created core hole, regardless of phase of the system. Extra-atomic
relaxation can also occur involving the electrons of neighbouring atoms. To incorporate this,

a more complex description of the final state wavefunction must be made. This can be written
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in terms of the possible eigenstates of the ion:

l[/f(l’l—l) :I/lk\Pﬂ(l’l—l), (314)

where uy is the excited electron wavefunction with momentum k, ¥ ;; are [th ionic state
wavefunctions with a hole in the jth orbital. Whereas before, in Equation 3.11, the ion hole
state was described by W ;(n — 1), this is no longer an eigenstate of the ion as relaxation and
reconfiguration has occurred. The final state energy must therefore include all the possible

final state wavefunctions such that the energy of the state is:
Epn—1)=(¥Yu(n—D[H|[¥;(n—1)), (3.15)

with up to / number of solutions, indicating the possibility of multiple peaks at different
energies from the same transition when solving Equation 3.8. This model must also include
relativistic and electron correlation effects in addition to the relaxation effects leaving a more

comprehensive description of binding energy:
Ep <k> =—&— 58relax + 6€rel + 6800rr- (3.16)

It is useful to distinguish between initial and final state effects on binding energy and spectra.
To a good approximation, one can take initial state effects to be dependent on the electron
configuration in and around the atom as a result of chemical bonding; referred to as chemical
shift (AEp). This can also be approximated to shift all core levels to a similar extent. Addi-
tionally, the oxidation state of an atom directly impacts the binding energy, increasing it due

to reduced shielding by other electrons within the shell, or vice versa.

Final state effects are those which stabilise or destabilise the final state after the pho-
toemission process. Generally, atomic relaxation results from rearrangement of outer shell
electrons due to their lower binding energy. As such, a materials conductivity plays a large
role in this mechanism, in particular, through extra-atomic relaxation. For conductive metals,
shared delocalised valence electrons are able to screen core holes in neighbouring atoms in-
curred during photoemission. On the other hand, in insulators, electrons are not free to move
between atoms and thus neighbouring electrons are only polarised by the core hole; largely
limiting the effects of extra-atomic relaxation. Satellite features are an umbrella term for a
range of final state effects, including: shake-up events, multiplet splitting and vibrational fine
structure. Shake-up events occur when the outgoing photoelectron transfers some energy to
a valence electron, exciting it to a previously unoccupied state molecular orbital state, and,

in most cases, an electron-hole pair forms. This reduces the kinetic energy of the outgoing
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electron and so is seen as a tail, or a separate peak for semiconductors, on the high binding
energy side of all XPS peaks, often referred to as peak asymmetry during peak fitting. Al-
ternatively, shake-off events can occur, where sufficient energy is transferred such that the
secondary electron is excited to vacuum level and so is also emitted in a double-ionisation
event. Whilst shake-up events can produce distinct peaks, this is generally not the case for

shake-off events.

Multiplet splittings arise from cases where atoms contain unpaired electrons that interact
with the core hole after photoemission through spin orbit coupling. Where parallel and an-
tiparallel spins have different stabilities and thus energies. The complexity of this multiplet
is dependent on the number of unpaired electrons present and the possible unique combina-
tions of spins. Vibrational fine structure refers to the possible variations in final vibrational
state of the ion after photoemission. Vibrational energy levels are orders of magnitude lower
in energy than electronic transitions, thus the variation in measured binding energy of the
photoelectron as a result of vibrational transitions are often insignificant and require high

resolution to detect.

An XP spectrum is measured by detecting kinetic energies of In XPS, there are a number
of parameters of the resulting peak that give indications towards the system of the atomic
species involved. For example, the line width of photoemission peaks is determined by the
lifetime of the core hole, known as homogenous broadening, and instrument resolution, in
addition to satellite features and sample in homogeneity. The instrument resolution is de-
termined through both the resolution of the detector, and also by the energy resolution of
the incident X-ray beam. The intrinsic peak width, I', is defined through the Heisenberg

uncertainty relation, and inversely related to the core hole lifetime, 7, by:

= % (3.17)
This lifetime, 7, is dependent on the depth of the core hole, becoming shorter for greater
depth, which can broadly be explained as deeper core holes having more de-excitation chan-
nels to fill them. Similarly, the lifetime broadening is also dependent on atomic number
through total number of electrons, thus number of de-excitation channels. Homogenous
broadening is inherently Lorentzian, and thus when interpreting and fitting XPS peaks, a

Lorentzian distribution is used.

XPS also has the ability for quantitative analysis, with peak areas nominally proportional

to the quantity of an element present. This mainly due to the photoionisation cross sections
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of core levels being mostly independent with respect to different surrounding chemical envi-
ronment, though not entirely, as is exploited by EXAFS. Photoemission intensity attenuation
must also be taken into account as the IMFP of photoelectrons are relatively low, in particu-
lar, for study of numerous layers of materials. This must be accounted for through models,
hence many quantitative studies are done using sub monolayer surface coverages where rele-
vant, whilst maintaining sufficient coverage for a substantial signal to be measurable. When
carrying out XPS analysis, background intensity must also be measured on a standard then
subtracted before meaningful areas can be extracted. Taking the total intensity of a photo-
electron peak, I, to consist of the sum of constituents d/ stemming from position r, then one

can encompass the various factors affect peak intensity with the following description:
dl = ®(r) x N(r) x 6 x p(r) X 0,c¢ X Nger, (3.18)

where ®(r) is the X-ray flux at position r, o is the cross-section of the photoemitting species,
p(r) is the probability of no loss escape of electrons at position r, 8, is the acceptance angle
of the electron analyser, and 1y, is the detection efficiency of the instrument. Whilst it is
possible to reduce the cumulative error to accuracies of 5 — 10%, less rigorous analysis can
lead to substantial errors, and diffractive effects can lead to variation of up to 40%, making

quantitative analysis unreliable.

Note that binding level is reference to vacuum level so as to avoid any shifts relating
to possible changes in instrumentation such as the additional work function of the analyser.
Despite this, the majority of experimentally acquired binding energies are referenced to the
Fermi level of the solid because of the difficulty in determining vacuum level; requiring

information regarding the work functions, and potentials in the experimental system. [24].

3.2.2 Data Acquisition and Reduction

XPS requires an X-ray source, commonly a metal anode sources, though laser and syn-
chrotron sources are also growingly common [30], an electron energy analyser, and a UHV
chamber of course, though ambient pressure XPS is possible in certain specialised systems.
Data is acquired by scanning through kinetic energy on the electron analyser with X-rays
incident on the sample. Whilst broad overview scans can be useful to compare intensities
of different core levels, for accurate study of a specific XP peak, smaller range scans in-
cluding only the peak of interest, its satellite features, and some background to help in peak
fitting. XP spectra are plotted as photoelectron intensity versus binding energy. In addition
to measurement of the XP spectra at a specific photon energy, Fermi edge is also measured

to correct for any binding energy variation. This accounts for differences in experimental
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conditions and system that produce changes in measured binding energies of the peaks. The

peaks in the spectra are then fit.

Peak Fitting

The fitting of an XP spectra is a vital part of analysis which can convey various structural and
electronic information about the species of interest whilst removing broadening and shifts
resulting from instrumental and experimental factors. Each of these effects are superimposed
upon each other, and must be fit with a peak model. Whilst there may exist a best mathemat-
ical solution to fitting a peak, this must be tied to physical and chemical properties and their
effects to obtain a realistic model from which this information can be extracted. There are
checks that can ensure that a peak model is realistic. A good peak model will utilise various
lineshapes, to model different final and initial state effects, a sensible number of component
peaks, and varying restrictions, which can be tied to the variables of other components, all of

this is done from a chemically realistic basis.

The overall peak shape of a photoemission peak is made Lorentzian by the uncertainty prin-

ciple acting on the electron energy levels:

y/m

L(E,E.,7) “E_ERT7

(3.19)
where 7 is the half-width half-maximum (HWHM) of the lineshape, and E is energy, and E,
is the centre of the peak distribution.

Meanwhile other factors including instrumental and phonon broadening contribute a Gaus-

sian line shape [31, 32]:

2
G(E,E.,0) = . lzﬂexp <—%) ) (3.20)
with a HWHM of «, and a standard deviation o, related to each other by o = oV2In2. To
combine the two effects, a convolution of the two is created, known as a Voigt function [33].
The lineshapes of the respective peaks are displayed in Figure 3.6. The prominence of either
of the peaks can be defined using a Gauss-Lorentz ratio g = mﬂ?‘%, where [hm is HWHM of
the Lorentzian component and ghm is that of the Gaussian component. This parameter takes
a value in a continuous range between 0 to 1, where 0 is totally Gaussian and 1 is totally
Lorentzian. Generally, compounds will tend to be more Gaussian, whilst metals and isolated
elements tend to be more Lorentzian, however, as there are many factors that increase the
different characters of this peak and its Gauss-Lorentz ratio is far from definitive. The shapes
of these functions and the combined Voigt function can be seen in Figure 3.6. As described

in the previous section, the FWHM or width of an XPS peak, depends on various instrumental
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Figure 3.6: Diagram of Gaussian (blue), Lorentzian (green), and Voigt (red) lineshapes [7].

influences (e.g. linewidth of X-ray source), and physical factors (e.g. chemical environment).
Asymmetry of a photoemission peak is another important and complex parameter, sometimes
contributed to by instrumentation and measurement artifacts, though primarily due to band
structure and other physical mechanisms. Asymmetry is typically modelled by an exponential
tail guided by characteristics of the Lorentzian and Gaussian peak parameters. It is also
common to model asymmetric peaks in the case of metallic materials through application of
a Doniach-Sunjic function [34]:

cos [B 4 (1 - a)tan™! (%)}

(1-a)

(F2+(E-E)"

f(EaaaFaEC) = (3.21)

where F' is the FWHM, E. is binding energy centre position (not position of maximum inten-

sity), o is an asymmetry parameter, and E the binding energy position of the peak.

newline

Another important step in peak fitting is determining and subtracting the background.
In any peak, the base has the greatest contribution to the area, thus if fitted incorrectly, the
measured area of the peak can vary substantially from its true value. A simple fixed linear
background is discouraged as the shape of a background can be complex, with non-linear
components such as Shirley step functions, Tougaard functions, and parabolas[32]. This is

in addition to the other intrinsic and extrinsic effects, described previously that distort peak
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shape, introduce splitting, and satellite features and tails. These must be identified visually

and accounted for.

Auger decay electrons

Auger decay electrons are a result of secondary relaxation processes that can occur to fill core
holes (e.g. those created through photoemission), and are seen in XPS with constant kinetic
energy with respect to photon energy spectra. When a core hole is created, it is eventually
filled by another electron from a lower binding energy level in conjunction with the emission
of energy associated with this transition. This can occur through emission of a photon as is
utilised in X-ray anode sources; or it may be donated to another electron as kinetic energy.
The Auger decay effect describes when electrons are given sufficient energy as a result of
a core hole being filled, such that they reach vacuum level, and are emitted. The difference
between this two is highlighted in Figure 3.7, where the left diagram shows photon emission
as a result of core hole filling, and the right diagram shows emission of electron as a result of
core hole filling. The basis for Auger emission can be described using solely binding energies

of the levels involved in the mechanism like so:
KE=E,—E;—E,, (3.22)

where KE is the kinetic energy of the Auger electron, Ej, is the binding energy of the initial
hole, E; is the binding energy of the initial filling electron, and E, is the binding energy of
the electron before Auger emission. The key feature of this process is that the kinetic energy
of the Auger electron is not dependent on the process that produced the core-hole, and is
characteristic of the energy levels involved in the interaction. This has the consequence that
the Auger peaks are of constant kinetic energy, however, as XP spectra are plotted against
binding energy, the Auger peak will exist at a binding energy of KE — hv. For tunable X-ray
sources, the position of the Auger peak will vary depending on the photon energy utilised and
can sometimes obscure or be mistaken for photoelectron peaks which must be accounted for.
These values are calculated for a single electron system and, as with XPS, a range of factors
have an effect on each of the states of the system. Factors which lead to complex peaks that

are analysed in Auger electron spectroscopy (AES), that will not be covered here [24].

3.2.3 Photon source for XPS

Traditional X-ray sources, also known as anode sources, impinge high energy electrons on
generally solid metal targets, typically made of silver, copper, aluminium, or magnesium;
these electrons collide with those in the metal causing them to be emitted forming core holes
within the electronic structure of the atoms. The process of de-excitation of electrons in

outer shells to fill these holes leads to photon emission, with photon energy corresponding
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Figure 3.7: Energy level diagram depicting two types transitions involved in core hole filling.
The left diagram depicts emission of a photon as a result of core hole filling, and the right
diagram shows Auger emission.

to the difference in energy between these states. As there are a limited number of pathways
of de-excitation, this leaves a leaves a limited number of energies of transition, thus photon
energies. As a result, an anode source produces an X-ray spectrum consisting of intense
characteristic emission lines, and lower intensity, continuum background intensity due to
bremsstrahlung radiation produced by deflections of the electrons with the fields within the

material.

An ideal X-ray source will be as monochromatic as possible, thus a metal that has a low
bremsstrahlung intensity and intense line emissions is chosen. Some metal anode sources
utilise monochromators to further narrow the photon energies produced whilst also allowing
choice of emission line, however, the majority of sources are unmonochromatised. These
unmonochromatised sources produce multiple emission lines, which produce multiples of
each peak for each emission line of the source. This convolutes the XPS spectra, making
the identities of peaks harder to interpret, often covering up vital binding energy regions,
overlaying different peaks over one another. The resolution of these sources is often par-
ticularly low, with a broadening of several tenths of an eV, far larger than many chemical
shifts. Whilst improvements can and have been made on producing better X-ray sources,
for example, use of target materials with higher energy characteristic line emissions, which
opens the door for higher binding energy levels, this also reduces the technique’s vital surface
sensitivity[24, 25, 30]. For the most part, these have insufficient intensity in comparison to
the main alternative approach is the use of synchrotron radiation. . This produces polarised
light with intensity orders of magnitude more intense than the best anode and laser sources,

continuously, over a broad spectrum of energies[30]. It effectively utilises the bremsstrahlung
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Figure 3.8: Left diagram of X-ray standing wave pattern, showing nodal planes of plane
waves for incoming and reflected X-ray waves with respect to the positions of the atoms in
the bulk, along with the intensity of the resulting XSW wave pattern formed from the incident
and reflected waves. The right hand diagram depicts the reflectivity curve of a bulk crystal,
also known as a Darwin curve, and the absorption profiles one would measure for species
sitting at bulk and interstitial sites within the lattice as one scans through Bragg condition

[8].

mechanism involved in the broader continuum of anode sources, but on a much larger, higher
energy scale, producing a lightsource that is far better. Equally, measurements that would
take hours on an anode source, may only take minutes at a synchrotron beamline. One draw-
back of using synchrotron sources is that the photon flux is often so great that it can cause
damage to the sample being analysed, referred to as beam damage. X-rays are already highly
ionising such that they can induce chemical reactions and rearrangements to structures on a
surface, sometimes causing desorption altogether. This can lead to additional XPS peaks and

invalidate results thus photon intensities must be tuned to ensure this does not happen.

3.3 Normal Incidence X-ray Standing Waves

X-ray standing waves (XSW) is a surface structure determination method that utilises the
standing wavepattern set up between the incident and reflected X-ray wavefield scattered
from the various atomic planes within a bulk crystal. The resulting standing wavefield takes
up a period that is equal to or a submultiple of the scattering plane spacing, seen in Figure
3.8, and spans the surface (roughly ~ um penetration depth), as a result of attenuation due
to backscattering by the atomic layers, and a region extending out of the surface. The X-ray
absorption by atoms within the substrate and adsorbate is proportional to the intensity of the
wavefield at that point, whilst the intensity of the wavefield at a point is controlled by the

position relative to the nodal planes in the standing wavefield pattern. The wavelength of
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the standing wavefield, corresponds to the periodicity of the crystal scattering planes with a
phase relationship with positions of the atoms in the crystal. The characteristic reflectivity
of the crystal is defined by the Bragg condition and occurs over a finite range in the Bragg
conditions, over which the reflectivity for a non-absorbing crystal remains constant but the
relative phase changes by 7, as depicted in Figure 3.8. This phase difference physically shifts
the position of the nodal planes within the standing wave. By varying the parameters in the
Bragg condition through this range through Bragg angle, or incident photon energy when at
90° Bragg angle (NIXSW), then one shifts the relative location of the atoms in the lattice,
with respect to the nodal planes. Thus, taking an atomic species that is located at a consistent
position within the structure; its position relative to the scattering planes in this structure can

be determined by measuring the X-ray absorption across the Bragg condition [35, 36].

Bragg Condition

The diffraction undergone during XSW can be described using the Bragg condition; which
describes the required conditions for diffraction to occur as a result of an incident plane wave

on the atoms within a crystal lattice:
nA = 2dsin(6p), (3.23)

where nA equals an integer multiple of the wavelength of the planewave, with integer, n, and
wavelength, A, on a scattering plane with separation, d, at a specific angle from the scattering
plane, 6p. This is the idealised case with a monochromatic light source but is sufficient to un-
derstand XSW. In reality, there are various parameters of the crystal and light source with an
energy and angular distribution, and so diffraction will broadly occur over a range of Bragg
energies/angles as discussed further in this section. The Bragg equation also assumes infinite

photon flux and an infinite crystal, which is not realistic and must be accounted for [8, 24].

Whilst, in initial applications of XSW, the scattering angle was utilised as the independent
variable, this relies on accuracy of translation and rotation of the crystal to scan precisely
through the angular Bragg condition to measure the absorption profile accurately. With the
introduction of synchrotron radiation as a highly tunable light source, the use of photon en-
ergy as a scattering parameter at normal incidence became feasible. This method, known
as normal incidence x-ray standing waves (NIXSW) only relies on control of photon energy
which, using synchrotron radiation, can be done more accurately than the angular scanning,
producing a much broader theoretical reflection. This technique is utilised on 109 at Diamond
Light Source [3, 36].
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3.3.1 Mechanism of XSW
Dynamical Scattering in XSW

To understand the function of multiple scattering in XSW, one must first begin with single
scattering theory for the mechanism. The X-rays can be interpreted as incoming, and out-
going plane waves produced by the sum of the scattering by equivalent atoms across the
pseudo-infinite single crystal lattice. If the Bragg condition is met, according to single scat-
tering theory, the scattering events across the crystal are in phase, producing an “infinite”
scattered intensity due to contributions from an “infinite” number of atoms. To solve this
lack of flux conservation, one must take into account the attenuation in incident X-ray flux
as the wave moves deeper into the crystal, not including the absorption of X-rays by the
atoms, referred to as the non-absorbing crystal assumption. With each backscattering event,
the transmitted flux decreases; eventually reaching a limit in penetration depth of the crystal.
This model has several consequences: that the total reflectivity is finite, and occurs over a
finite continuous range as opposed to a single discrete location. The resulting reflectivity
curve plotting reflectivity versus Bragg condition, either scattering angle or photon energy,
has a characteristic flat top referred to as a Darwin curve, seen in Figure 3.8. Moving across
the Darwin curve, there is simultaneously relative phase shift in the full standing wave by 7.
This has the effect that the nodal planes shift by half a wavelength or d spacing across the
Darwin curve. At the antinodal planes, the intensity of the wavefield thus X-ray absorption
is much greater than that of the raw incident wave intensity. This relationship is conveyed
in the absorption profiles in Figure 3.9 & 3.8, where the absorption profile is taken to be
unity outside of the Darwin curve, then depending on the location, the absorption profile will
take up a different shape, with maxima at 4 times unity. Next considering the case of an
absorbing crystal, a decrease in reflectivity occurs across the Bragg condition; visible on the
trailing edge of the measured reflectivity curve as this is where the bulk crystal lies along the
antinodal plane, for most simple single element crystals, thus some proportion of the incident
waves are absorbed by the bulk. By measuring the X-ray absorption with respect to the scat-
tering condition, across the Bragg reflection, a characteristic absorption profile is produced,
unique to the position of the atom relative to the scattering planes. This is depicted in Figure
3.9. However, this only conveys the position relative to one scattering plane within the struc-
ture. To determine the exact position of an atom in 3-dimensional space, absorption profile
from up to 3, non-parallel scattering planes may be required. This is true for both within and

atop the surface of a crystal, thus it can be used to study surface structures.

The intensity of the X-ray standing wave at position r can be determined from the sum
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Figure 3.9: Diagram depicting the reflectivity profile for bulk absorption (red) and absorption
profiles for atoms located at various points relative to scattering planes of a Cu(111) crystal.
Instrumental broadening effects are not included in calculations [8]

of the incident and reflected wave:

2

A
1= ‘l—i- (A—H) exp(—2miH -r)| (3.24)
0

where Ay and Ag are the incident and reflected X-ray amplitude, and H is the reciprocal
lattice vector. This scalar product, H - r, is simply the ratio of z, the perpendicular distance
from the scattering planes, with dp, the separation of these planes: i. X-ray reflectivity is
defined as the ratio of the reflected and incident amplitudes, and is what is exploited in this

technique. IT can be determined from the geometrical structure factors like so:

1
An __ (Fu\? 2_
() -

o=

] (3.25)

where Fy and Fy are the structure factors for the reflections H and —H, and 7 defines the
position relative to the midpoint of the Darwin reflectivity curve. Experimentally, 17 can be
determined from measuring a reflectivity curve with respect to one of the scattering condi-
tions, sometimes referred to as a rocking curve referring to the rocking of the sample required
when modulating the Bragg angle as the scattering condition. The angular width of this curve,

A0, defined a like so:
1
_ 2(|PIT(FuFg)?
AO = - .
sin(20p)

(3.26)
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where I"is a fundamental constant parameter, P is a polarisation factor, and 05 is Bragg angle.
Considering the common (111) reflection at 45° on a Cu(100) crystal, the angular width is
3 x 10~* radians. When considering this case it is clear to understand the limitations of using
the angular scattering condition in XSW, as slight errors in collimation of the incident X-ray
beam or control in rotation of the crystal could introduce significant uncertainty. The 109
beamline at Diamond Light Source exploit this, switching to modulating photon energy as
the scattering condition. Whilst all XSW relies on highly collimated X-ray sources, that are
easily provided by synchrotron light sources, energy varied XSW also requires synchrotron
light sources for their finely tunable photon energies. The next problem is that bulk single
crystal being studied must have a near-perfect mosaicity, so as not to broaden the measured
rocking curve. Whilst this initially limited XSW studies to highly order covalent semicon-
ductor crystals, a solution was found by taking measurements at normal incidence (NIXSW).
It is clear from Equation 3.26 that a 65 — 90 leads to sin(26z) — 0, which leads to an
infinitely increasing angular width, A@. The value in normal incidence is that the gradient
of the Bragg condition with respect to 6p becomes 0 in these ranges, having the effect that
slight inaccuracies in angle as a result of lacking crystal mosaiicity have negligible effect on

the rocking curve. Equation 3.26 must be redefined in terms of energy for NIXSW:

_ E|PIT(FyFyg)?

AE
sin?0p

(3.27)

For example, taking the same (111) reflection of Cu(100) using photon energy as Bragg
condition, the energy width becomes 0.87 eV, which, compared to the small angular width
described before, is much more easily tuned for by the high quality monochromators found
at synchrotron light sources [3]. To extract exact quantitative information from the XSW

absorption spectra, the wave must be modelled and fit. Using the reflectivity, R, in terms of
2

scattering condition, which is simply , written in other terms as:

Apg
Ao

An _ VRexp(i®), (3.28)
Ao

where exp(i®) accounts for a possible angular term. When factored into the principal equa-

tion 3.24, one gets:

2Tiz 2
1= ‘1+\/Eexp (i(b——)' , (3.29)
dy
or equivalently:
I=1+R+2vRcos (cp—?). (3.30)
H

Whilst this can be solved for z after calculation of the phase angle, ®, from the Bragg condi-

tion in equation 3.23. In a real case, dy is discrete due to thermal vibrations. Furthermore,
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there is disorder on the surface and variation in height adsorption sites. Consequently, the
values of height, z, will take up a distribution, f(z), surrounding each of the common sites of

the species. The sum of these fractional distributions is 1, or in other terms:

dy
F@)dz=1. (331)

0

This can be incorporated into Equation 3.30:

dh 2
I=14+R+ 2\/1_3/0 f(z)cos (CID - E) dz, (3.32)

Generally, this can be absorbed into a structural fitting parameter, coherent fraction, Fy.

Similarly, the z can be replaced by a coherent position, Py:

(3.33)

2P
1= 1+R+2FH\/I_€cos <CI>— n H).

H

The coherent fraction acts to describe the extent of the spread of the distribution of z values
about the coherent position. These parameters become misconstrued in the case of multiple
species at different adsorption heights. For example, in a case where there is a 50:50 mixture
of Py = 0.25 and 0.50, a simple NIXSW analysis will state a combined Py of 0.375, where
no atoms sit, with a Fi of 0.50. To interpret this type of data with multiple species, it can be

helpful to convert this equation into Fourier form:

2miP, d 2r
FHexp< ZIHH> :/o f(z)exp( o )dz, (3.34)

Where Fy is the conventional amplitude, and Py is the phase of the Fourier component. It can

be useful to interpret this in an Argand diagram to visualise the different species distinctly.
Here, the left side of the relationship forms the component vectors for each species , i, with
individual phases 26?1’ and length f;; whilst the right side represents the sum of component
vectors with combined length Fy and phase =; 2nh H . Considering a case of two distinct sites of

equal proportion, the Fourier series becomes:

2miP 2miz, 2Tiz
FHexp( dHH> = faexp( dHa> —I—fbexp( de> , (3.35)

which neatly solves for f, = f;, = 0.5 and Py = M, implying that:

Za — b

Fyy =
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It is clear in these situations, that the coherent position of the species must be predicted, often

through supporting techniques such as DFT modelling.

3.3.2 Data Acquisition and Reduction of NIXSW

Detection of absorption of X-rays by adsorbed species on a surface, even of multilayer sam-
ples, on top of a bulk crystal of semi-infinite atomic planes is not possible through measuring
attenuation of transmitted X-rays. Thus, to measure the absorption profile in XSW, secondary
probes must be used. These can include photoelectrons from X-ray absorption, Auger elec-

trons, or fluoresced photons resulting from the core-hole filling process.

In UHYV, photoelectrons and Auger electrons are primarily utilised as probes, particularly
for emitted energies of below 5keV and especially 3 keV, where they are compatible with
most typical electron analysers. Deciding between the two can be influenced by numerous
factors. For example, a primary difference between the two when comparing for a specific
core level is the resulting kinetic energy of the photoelectron or Auger electron, with lower
kinetic energy electrons being easier to detect due to their higher cross section. Subsequently,
choice of probe may be decided by the resulting kinetic energy of the probe electron. One
benefit of Auger electrons as probes is that one does not have to consider non-dipolar ef-
fects. A substantial drawback for using Auger emission for XSW, is that this process can be
induced by numerous processes that create a specific core hole; many of which result from
X-ray absorption from substrate atoms, so the XSW profile for these components will be a
result of the substrate atoms, not the adsorbate. This is an issue for surface samples where
the proportion of surface to bulk is minute. However for bulk samples, it is more beneficial to
use Auger emission. A further benefit of using photoemission, is the chemical specificity of
the process, described in Section 3.2 as this technique exploits XP spectra for photoemission
detection. This gives rise to the possibility of differentiating coherent position between dif-
ferent chemical species of the same element, so long as the species are sufficiently chemically
distinct [8, 24, 36, 37].

One would expect that the likelihood of multiple site adsorption is unlikely as this should
lead to a different binding energy due to different stronger/weaker interaction with the sur-
face, as described in Section 3.2. However, it is not uncommon for species to take up mul-
tiple different sites on the surface, whilst having similar energies such that their binding
energy peaks cannot be distinguished. Other issues can arise from situations where there is
sufficient coverage and adsorbate-adsorbate interaction that species are forced into specific

unfavourable sites. This lattice mismatch is inevitable when adsorbates have different bond
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lengths to that of the substrate, and is particularly exaggerated at higher coverages, manifest-

ing as buckling in networks grown on a surface [8].

3.4 Energy-scanned Photoelectron Diffraction (PhD)

Photoelectron diffraction (PhD) is a spectroscopic technique used to determine structural
information in the local environment surrounding specific atomic species, commonly used
for adsorbates on metal crystals. Energy-scanned photoelectron diffraction does not provide
direct structural information but produces a spectrum that can be modelled and optimised

through a trial-and-error style approach similar to LEED-IV [9].

3.4.1 Principles of PhD

Photoelectron diffraction originates from coherent interference between the directly-emitted
photoelectron wavefield from a core level of an atomic species of interest (the emitter atoms)
with those scattered off nearby atoms (scatterers); depicted in Figure 3.10. As a result of
varied scattering pathways, and phase shifts induced during scattering, the photoemitted elec-
trons have an introduced phase shift relative to the directly-emitted component of the wave-
field. Through variation in energy and/or emission angle, the different wavefield components
will go into and out of phase with each other. This relationship can be used to probe struc-
tural information surrounding the species of interest, more specifically, the angle and path
lengths undertaken by the photoelectrons and scatterer atoms. This information can be col-
lected through measuring the photoelectron intensity whilst varying emission angle or photon
energy. These two dependent variables give rise to two variations in this technique: energy-
scanned (PhD) or angle-scanned (XPD) photoelectron diffraction which are each useful for
probing different aspects of the structure. XPD at grazing emission angles can also be used
to give information on the adsorbate-substrate registry. On the other hand, PhD uses low
electron kinetic energy ranges (~ 50 —400¢eV), though the photon energy used depends on
the energy of the core level from which the photoelectrons are excited, this variable photon
energy source can only be supplied through synchrotron radiation; PhD also probes from
higher angles to utilise the dominant backscattering component. PhD as a technique has been
compared to the popular technique: extended X-ray absorption fine structure (EXAFS) in par-
ticular surface-EXAFS. In SEXAFS, the interatomic distances between the emitter atom can
be extrapolated from modulation of the photoabsorption cross section instead of the photoe-
mission intensity. The photoabsorption cross section is a result of a matrix element composed
of the initial core state of the electron, and the final photoelectron wavefield amplitude at the
atom. Thus the emitter can be thought of as the detector, at which the wavefields of the pho-
toemitted electron and the backscattered electrons interfere, with phase shift dependent on

the photoelectron wavelength/energy. It may be clear to see that this is simply a spherically
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Figure 3.10: Diagram of various scattering pathways involved in PhD scattering calculations,
depicting an incident photon the emitter atom (purple), and the various scattering pathways
of the photoemitted electron by neighbouring atoms(yellow) [9].

averaged version of PhD; losing real-space angular information between scatterers and be-
tween the emitter(s). In contrast to techniques such as LEED, both SEXAFS and PhD do not
require long range order on their surface making them valuable for studying adsorbate sites.
This is because of the source of the incident probe (e.g. photon, or electron) which is found
close to the site of interaction, meanwhile in XSW and LEED, the source of the probe is the

incident photons/electrons effectively arriving from infinity as plane waves.

Whilst it is unfeasible to attempt to solve PhD directly, it can be helpful for understand-
ing to attempt to do so, particularly with comparison to EXAFS. To describe the PhD and
EXAFS mathematically, the problem can be simplified through considering the case of sin-
gle scattering only, emission from an initial s-state, and to treat photoelectron wavefields as
plane waves. The intensity of the field /(k) in a given direction and energy specified by the

electron wavevector Kk is [9, 38]:

2

f(8;,k)W(6;,k)exp [)L(kj)} expli(krj(1 —cos0;)+ 6;(0;,k)]
(3.37)

where the cos 6 represents the directly emitted component varying with 6y, the angle between

cos0,

I(k) =<|cosO + Z
J

Tj

the polarisation vector of the light and the outgoing wavevector. The second term involves a
summation over all individual scattering atoms denoted by j, each with a prefactor of cos6,,
where 6, relates the scattering angle with the emitter. Similarly, cos6; accounts for the ampli-

tude of the emitted wave at position r; relative to the emitter, with scattering factor f(6;,k)
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where 6; is the scattering angle and k is the wavevector. W(6;,k) is a Debye-Waller factor
which accommodates for the reduced scattered coherent wavefield amplitude as a result of
atomic vibrations. The term exp (—%) accounts for the attenuation of the scattered wave-
field due to inelastic scattering, with pathlength L; through the crystal relative to the directly
emitter component. The phase of the scattered wavefield is controlled by the final exponen-
tial term with contribution from the scattering phase shift 6;(6;,k) and the phase difference
induced by difference in pathlength kr;(1 — cos6;). A simplified expansion of this equation

gives a function of the wavevector modulus:

cos0,

x(k) o< Y

f(0;,k)W(6;,k) x exp {_LJ} cos [krj(1—cos8;)+8;(6;,k)]  (3.38)
J

A (k)

rj

The SEXAFS analog of this equation provides a good comparison that highlights the features
and challenges in PhD analysis:

3cos26,
krjz.

—27‘]'

A (k)

x(k) ==}

J

f(m k)W (m k) x exp ( ) sin(2kr; +2¢.(k) + 6;(m,k)) (3.39)
The key expression to compare between equation 3.38 & 3.39 is the final phase term con-
tained within the cosine and sine terms. A Fourier transform can roughly be used to solve for
this part of the equation yielding a radial distribution function r; term, for EXAFS, compared
to the scattering path length difference term r;(1 — cos6;), in PhD, which comprises a more
complex relationship with both the radial distribution function and the scattering angle 6;
corresponding to the information it conveys; pathlengths and scattering angles [9]. Alterna-
tively, attempts have been made to utilise the fact that the scattered electrons effectively act
as a hologram[39, 40]. Due to the increased complexity, as a result of multiple scattering, as
opposed to single scattering which is typical of the holographic process, this methodology is

unreliable and not the most accurate in the structural information it conveys[9].

A more accurate approach than both of these direct methods is the trial-and-error process
which, though not as quick to analyse, can provide meaningful accurate information on the
structural information of surface. This involves carrying out multiple-scattering calculations
from hypothesised model structures to simulate the theoretical PhD modulations, then com-
paring with experimental modulations. This often utilises several modulations taken from
various azimuthal and polar angles to take advantage of the emission angle dependency, and

acquire a larger data set for better identification of the correct structural model.
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Figure 3.11: Diagram showing the a) 180 ° backscattering geometry between the Detector,
emitter atom (blue), and the scatterer atom (grey), along with a PhD modulation for that
geometry and b) highlighting the effect of a slight 20 ° skew on this geometry on the shape

of the resulting PhD modulation.
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3.4.2 Qualitative Information

The PhD modulation is made up of the sum of numerous complex scattering pathways. As a
result, determining the structure that produces these modulations can be long and painstaking.
Without undergoing this process, some parameters of the structure and geometry surrounding
the emitter atoms can be determined qualitatively from the overarching features of the mod-
ulation. This is primarily because the general shape of any PhD modulation is dominated by
the first scattering events involving the nearest neighbour atoms to the emitter atoms. These
are the components of the electron wave that are scattered once after emission before arriving
at the detector and are the primary sources of modulation in any modulation. Furthermore,
the dominant component of these first scattering events are those backscattered by an atom
that lies directly behind the emitter atom with respect to the detector at 180 °, depicted in
Figure 3.11, with greater effect, the closer the backscattering atom is to this 180 © geometry.
This dependence becomes clear when looking at the scattering equation 3.37, where each
scattering contribution has a prefactor of cos8, which is greatest when 6, the angle relating

the scatterer to the emitter, is closest to 180 °[9].

When considering a PhD spectrum, one can often predict the geometry of a system, through
amplitude of modulations at varying angles of detection. For example, a high amplitude mod-
ulation at a particular geometry indicates the presence of a neighbouring atom at or close to
180 ° with the detector and the emitter. Additionally, when emitters sit on high symmetry
sites such as atop or hollow sites, ~ 30 % greater than average amplitude can be expected.
Meanwhile on low symmetry sites, a ~ 20 % lower than average amplitude can be expected.
Thus, one can sometimes infer the symmetry of a molecule’s adsorption site if modulations
have particularly high or low amplitudes. Distances and thus bond lengths can sometimes also
be inferred from visual analysis of raw PhD modulations as shorter distances between near-
est neighbour scatterers will induce longer period modulations, and vice versa, with longer
distances with nearest neighbours produces shorter period modulations. Finally, when a PhD
spectrum appears to have non-periodic modulations, this is often a result of disorder in the

system or is indicative of multiple adsorption geometries on the surface[9].

3.4.3 Multiple-Scattering Calculations

For realistic experimental modulations to be simulated, multiple-scattering must be included
in calculation of the theoretical modulation [41, 42, 43, 44]. The photoemitted electron in-

tensity at the detector is defined as:

I(E,r)=|¥(E,r) (3.40)
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Figure 3.12: Plot of EDC intensity with respect to photoelectron kinetic energy. This being
the first step in processing of raw PhD data[10].

where y(E, r) is the electron wavefunction with respect to the position of the detector r, and

the photoelectron energy E. The electron wavefunction can then be defined as:
4%En0==w@%wo/kd%kxn#JDEp4bvﬂx (3.41)

where p is the momentum operator, E is the vector potential of the photon field, Wo(r') is
the wavefunction of the excited core level and G(r,7’,E) is the Green’s function of the total
system. Green’s function can then be expanded over all scattering pathways, resulting in a

sum of all partial wavefunctions:
P(E,r) =} W(E,r), (3.42)
J

Where j denotes each individual pathway, y;(E,r) is the partial wavefunctions [43]. Com-
putation of electron scattering is typically done with the plane wave approximation; however,
this breaks down when the distance between scattering events is comparable to the wave-
length of the electron; to accommodate for this, a more easily computable spherical wave
approximation was developed [41] that allows more accurate expansion of scattering events.

For an exact solution to this expansion, all possible scattering pathways must be calculated.



CHAPTER 3. EXPERIMENTAL AND SUPPORTING TECHNIQUES 40

Considering that a cluster of 100 atoms would have 10,000 double scattering paths, and
1,000,000 triple scattering paths, it is clear that full calculation would be extremely computa-
tionally expensive and time consuming. Through Fritzsche’s approximations [41, 42, 43, 44],
and parallelisation by Duncan [10, 45] reasonable calculation times are now achieved. One
of these being the reduced angular momentum expansion (RAME) which only calculates a
limited number of low angular momentum wavefields at high accuracy to energies as low
as 40eV. It is based on the magnitude of scattering phase shifts for higher angular momenta
tending towards 0. This allows for a maximum angular momentum(/,,,,), and equivalently,
a maximum magnetic quantum number (72,,,4,), above which the resulting phase shift for the
scattering event is ignored to no substantial effect on the resulting modulation [42]. Another
simplification arises from the finite energy resolution of electron analysers and the electrons
being damped by inelastic scattering processes, mentioned in section 3.0.1. Consequently,
the scattering contribution predominantly originates from elastic scattering in the small re-
gion surrounding the emitter atom giving reason to ignore long pathways. Additionally, the
contribution for a scattering pathway can be constructed from scattering theory, producing a
resulting oscillating wavefunction that has frequency inversely proportional to path length.
These high frequency modulations cannot be seen in experimental data as they are averaged
out by the small phase differences induced by finite energy resolution of the instrumentation

and the life time broadening of the core level accounted for in the following:

I(E) &< Z W;k (E) ¢i (E)fGausstorentm (3.43)
LJ

m
SGauss = exp {—\/ m@b(& —Rj))z} , (3.44)
[ m
fLorentz =exp |:_ %—ZEEHR!' _Rj|:| ) (345)

where the summation is over all possible combinations of pathways i and j, E}, is the energy
broading, fGauss 1S the Gaussian broadening accounting for the instrumentation, whilst f7,ens-
is the Lorentzian broadening to account for the core level life time broadening [10, 43]. It
is for the previous reasons, that a maximum of 3 scattering event pathways are considered
in the theoretical model; more specifically, the shortest 2000 single, 1000 double, and 1000
triple scattering events are calculated. To further shorten process times, parallelisation of
various independent components of the computation such as modulation spectra from each
emitter, domain, and direction [10, 45]. Whilst these approximations are convenient in allow-
ing us to calculate a smaller number of scattering pathways, they indicate the limited range
around the emitter atom which can be accurately probed, highlighting the surface sensitivity
of the PhD technique. For a greater range, more scattering pathways must be calculated,

thus the substantially increased computational cost to model the modulations would make
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Figure 3.13: Plot of background-adjusted PhD modulation with fitted stiff spline (upper di-
agram), and final PhD modulation with spline subtracted depicting only diffractive effects

[10].

the trial-and-error optimisation unfeasible. Moreover, longer scattering pathways have more
negligible contributions to the overall PhD modulation, and so inclusion of them would likely

not improve accuracy of calculated modulations substantially.

3.4.4 Data Acquisition & Processing

energy-scanned Photoelectron Diffraction requires a tunable X-ray source, thus it is limited to
synchrotron radiation sources. Data is acquired by measuring several soft XPS spectra, also
known as energy distribution curves (EDCs), at incremented photon energies (~ 50 —400eV
with 4eV step). The EDCs are superimposed onto a PhD intensity versus photoelectron
kinetic energy plot, seen in Figure 3.12. A template background is modelled from the back-
ground tail of the EDCs, and any present Auger peaks in the data are modelled also. These
are then subtracted from the intensity modulation to remove background contributions. Then
each individual EDC is fitted with a form of a Gaussian distribution with a template back-
ground, from which the intensity of the peak is taken as the photoemission intensity for the
final modulation. This leaves a plot of photoemission intensity against photoelectron kinetic
energy, producing our first visualisation of the oscillation in intensity of the PhD scattering,
seen in Figure 3.13. To isolate the diffractive signal, a spline is defined to account for effects,
such as variation in photoionisation cross-section with photon energy, and also normalise the
intensities between the data points. This spline is subtracted from the overall amplitude, seen

as the green line in Figure 3.13. The final PhD modulation is calculated like so:
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I(E) —Ih(E)

3.46
h(E) (5:40)

Xexp (E ) =
where Y., (E) represents the fractional contribution of diffractive effects to the photoemis-
sion spectrum(i.e. the final PhD modulation), /(E) is the photoemission intensity, and Io(E)
is the stiff spline. This process is repeated for each of the measurements at different an-

gles, which is later used to find a theoretical model with as similar a modulation as possible
[10, 38].

3.4.5 Assessing & Finding the best fit

Once a theoretical modulation has been computed, it is compared to experimental results.
R-factor is utilised as a quantitative quality of fit parameter, developed similarly to that de-
veloped for LEED-IV by Pendry [46, 47]:

B 2
Ry= Z(xexp (E) Atheory (E)) (3.47)

Z(%exp (E)z + Xtheory (E)z) ’

where both summations are over all measured and computed beams, and ) represents the
modulation for theory or experimental. Ry or R factor is the goodness of fit parameter which
takes a continuous value between perfect agreement, 0, and anti-correlated results, 2, with
values nearing 1 indicating no correlation whatsoever. The R factor was designed to be par-
ticularly sensitive to peak positions, not to absolute intensities, and partially to relative peak
intensities of neighbouring peaks. It was developed such that it wouldn’t involve higher
derivatives with respect to energy so as not to require calculations to be made for closely

spaced energies to provide sufficient numerical accuracy [46, 47].

One can utilise various automated methods to search the structure space for the best fit
according to the R-factor. Unfortunately, the complexity of structures often gives a num-
ber of parameters, such as emitter and scatterer position(s), vibrational amplitudes, inner
potential etc, creating a many-dimensional hyper space within which a minimum would be
computationally expensive to scan through. An alternative approach is to utilise optimisation
algorithms to search the hyperspace more efficiently. The simplest of these being a gradient
descent, though due to the presence of extensive local minima, this isn’t an ideal choice. Al-
ternatively, global search algorithms were identified; methods that have been attempted for
PhD include: genetic algorithms (GA) [48] and particle swarm optimisation (PSO) [45, 49],
similarly but more extensively LEED-IV has utilised genetic, fast simulated annealing(FSA)

[50], and other techniques have been utilised [51]. A comparison of the three revealed that



CHAPTER 3. EXPERIMENTAL AND SUPPORTING TECHNIQUES 43

PSO outperformed the other techniques in PhD optimisation and has thus been utilised in this
thesis [10, 45].

newline
For a goodness of fit parameter to be defined properly, a variance in this parameter must

be defined to measure the significance of its results. For R factor, its variance is defined like

so [45, 46]:
2
var(Rpin) = Rinin\ / N (3.48)

where R, is the minimum calculated R factor, and N is the number of possible independent
pieces of structural information contained in the experimental spectra. In the case of Pendry’s
R-factor, N refers to the number of distinct peaks within the data [46]. Whilst in the PhD

adaptation, N is defined as:

Ne_ 9E (3.49)

4,/V2+E} ’
where SF is the energy range of the spectrum, V; is the imaginary part of the inner potential of
the material, and E}, is the energy broadening factor. This estimates the maximum amount of
features, with individual width defined by the accuracy limitations of the experiment through
uncertainty introduced by inelastic loss processes (V;), and inherent energy broadening (Ep).
The values for these two parameters are often approximated to 5 eV, making the variance,

seen in Equation 3.48 entirely dependent on reduction of R, to be minimised.

Any R-factor found within the range of var(R;,) of Ry, can be considered to be within
1 standard deviation of R,;,, and thus seen as an acceptable solution. This variance can be
used to define uncertainty on a structural parameter by varying the parameter until the R-
factor exceeds the range of 1 standard deviation of the minimum. Meanwhile, any secondary
minima found outwith this range can be excluded. This variance defines the bounds of the
uncertainty on the R-factor. This does not account for systematic error, introduced by inaccu-
rate detector geometry, for example. The effect of a slight difference in angle from expected
would be negligible due to the dominance of backscattering on the modulation for a relatively
broad angular range surrounding the 180° geometry [47]. Generally, an R factor of between
0.2 and 0.3, over a reasonable number of modulations, shows sufficient agreement such that
a model can be said to be comparable to the experimental structure. The quality of data and
the amplitude of observed modulations plays a role in this. With lower quality data or smaller
amplitude modulations (i.e. £10%), an R factor closer to 0.3 would be acceptable, whereas
with good quality data with minimal noise, and high amplitude modulations, a lower R factor

would be required for the model to be valid. Furthermore, once a global minimum has been
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found, the structure must be compared to other experimental and supporting information to
deduce the validity of the model structure. It is not uncommon for a global minimum of a

variable hyperspace to have an impossible atomic structure.

3.4.6 Particle Swarm Optimisation (PSO)

The particle swarm optimisation takes influence from the search patterns of swarming or-
ganisms, who will individually search whilst relaying information to other members of the
swarm. Each individual will remember relayed information and relay some of their own to
improve the speed and quality of search. In the PSO algorithm, a host of variables (e.g. re-
laxation heights, lattice parameters) will be entered along with bounds for those variables,
limiting their range, to then produce a range of starting calculations, unique for each of the
20 — 40 individuals. Individual calculations will begin from a variation on the supplied start-
ing parameters so as to randomise starting points. Functionally, each searching individual
will remember the best fit that it is calculated (X (i);ocq;) and the best fit it has been informed
of from other individuals (X (i)g0pa). Together, these are used to determine the parame-
ters/location in variable hyperspace of the subsequent iteration, for each individual, through

the following equations:

VX(z) = CpPpVX(i) + ClocalPlocaldX(i)local + CglobanglobaldX(i)global (350)
dX(i)local = X(i)local _X<i)7 (3.51)
dX (i) giobal = X (i) globar — X (i), (3.52)

The primary equation, Equation 3.50, defines the variation of the parameter set in the next
iteration, VX(i)’ and can be split into three terms: The individual’s momentum, cpPpVX(i), this
term controls the dependence on the most recent calculation parameters, Vy(;), and can be
thought of as its velocity through the variable hyperspace; its Nostalgia, ¢;ocarPiocardX (i) iocals
the term leading the fit towards the individual’s best found fit; and its Optimism, the term
tending the fit towards global best fit that it has been informed of. X (i) is the current pa-
rameter set, defining the location of the individual in variable hyperspace; X (i);ocq 1S the
location of the best found fit of the individual, and X (i) 4/opa is the location of the informed
best fit. The "distance" between the individual and its best found, dX (i);,¢q1, Or best informed
dX (i) g1opar is proportional to how quickly an individual moves towards those points. The P
prefactors take random values between O and 1 to introduce randomness is the optimisation
and prevent premature convergence and convergence between individuals. Meanwhile the C
prefactors are weighting factors that control the dominance of each of the terms in Equation
3.50. The importance of these prefactors is vital, for example, Cp, if too large, will give the

individual too much momentum that it will never stabilise into a minima; whereas Cj,.,; and
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Ce

minima and explore surrounding regions.

lobal are kept at similar values and not too small to allow the individual to escape local

A key parameter not included in any of these equations is K, the number of randomly se-
lected individuals that will inform the individual of their local best found fit. This one-way
passage of information directly controls how quickly convergence will occur. Too small, and
information will not be passed on effectively and convergence will be too slow. Too large,

and convergence will occur too early, before the true global minima is found [10, 45].

3.5 Scanning Tunnelling Microscopy

Since the discovery of STM by Binnig and Rohrer in 1982 [52], the whole research area of
scanning probe microscopy has revolutionised the field of surface science, providing a tool
for precise study of surface structure but also a technique for atomic manipulation of surfaces
[19, 53]. All scanning probe techniques involve an atomically sharp tip being taken close
to a surface, then a measurement is made through some property that indicates the distance
between the tip and the surface. Scanning tunnelling microscopy (STM) measures this dis-
tance through an electron tunnelling current with constant voltage, or vice versa, between a
conductive tip and surface, this tip is then rastered across the surface producing a 3D image
of the surface through the electronic states of the surface. The differences between these two
methods of STM are depicted in in Figure 3.14

The tunnelling of electrons between the tip and the surface can be modelled as tunneling
of an electron through a potential barrier, potential wells on either side of different energies,
defined by their Fermi energies. Considering a 1-Dimensional, 1 electron model, the elec-
tron has a wavefunction in either of the wells, which decays exponentially as it enters the
potential barrier. If, however, the barrier is sufficiently small and the energy of the electron
wavefunction is sufficiently large, then it is possible for the two wavefunctions in either well
to overlap within the barrier, consequently tunneling can occur between the two sides of the
well and current can flow. The decay of the wavefunction is governed by their decay length,
K:

K = 2—”;(Ebarr,~er ~E), (3.53)
where m is mass of the electron, # is reduced Planck’s constant, Ej,;., is barrier height(vacuum
level), and E is energy of the electron. At low temperatures and voltages, the tunnelling cur-

rent depends on the decay length and separation of the tip and the surface, d, like so:

Joc e 2K (3.54)
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Figure 3.14: Diagram of the measurement of an STM linescan in a) constant height mode,
and in b) constant current mode, along with the resulting plot of the 2D linescan from the
respective method to their right.

where K is in the range of 1 A, a difference in separation of 1 Aleads to an order of magnitude
reduction in tunnelling current. This is the basis for STM; where the tip is scanned across the
surface whilst the height of the tip is adjusted through a feedback loop to maintain constant
tunnelling current. Alternatively, one can maintain constant height and constant voltage,
while the current is measured. Each line scan is then compiled to produce a 3-D image of the
surface, specifically a convolution between the physical and electronic structure, though only
the constant current method was utilised in my work. Elaborating on the constant current
mode, the tip is lower until a tunnelling current is measured at a reasonable voltage between
I mV and 2V, where a tunnelling current on the scale of nA is measurable. A diagram
comparing the two methods can be seen in Figure 3.14. The resulting raw STM image of
height versus position will have various distortions that must be corrected for in the data
processing phase. For example, when manoeuvring the STM tip, the tip often rotates a small
angle in the direction it is moving; resulting in an image that looks bowed, and taller at
the sides. Additionally, it is common for the motors controlling the tip to be imperfectly
calibrated, in which case, there is often a drift in the image after each scan [25]. Leveling of
data, alignment of rows, as well as selection and adjustment of a colour scheme is typically

carried out using software. For example, Gwyddion 2.61 was used in the following studies.
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3.5.1 Moire Patterns in STM

Generally, Moire patterns are interference patterns that appear as a result of two periodic
structures being overlaid on one another. These two patterns must either, not be identical,
and/or have a slight displacement, rotation, or pitch. The implication of this for STM is in

the overlaying of an overlayer lattice upon a substrate lattice.

A popular example of this is graphene on metal surface. For example, graphene on copper
(111). Here, both graphene and the Cu(111) surface have a hexagonal structure, however, the
bond lengths of the hexagonal patterns are not identical. Consequently, the lattices between
the two, even if the they are aligned in rotation and pitch, have a slight mismatch; where
carbon atoms of the graphene are sitting on varying sites(i.e. hcp, top, fcc, or otherwise) on
the copper surface within a large combined unit cell. At each of these sites, different parts of
the lattice interact more or less strongly, occurring in a periodic fashion within this larger unit
cell. In STM, hexagonal corrugation of the 2D carbon surface is seen, with different period-
icity and angle depending on the angular difference between the graphene and the Cu(111)
surface [54, 55].



Chapter 4

Azupyrene and Pyrene on Cu (111) for
the synthesis of graphene

4.1 Introduction

This chapter describes the surface study of graphene produced using topological design, util-
ising selected alternant and non-alternant aromatic molecules: pyrene and azupyrene, and
probing their growth processes during epitaxial growth on copper(111) in UHV with tech-
niques such XPS, XSW, STM, and LEED. Understanding the growth mechanism for the
differing molecules will shine light on the differences between alternant and non-alternant
reagent produced graphene, with potential for revealing a mechanism of synthesising defect-
containing graphene with the goal of controlling defect concentrations, and later utilising

them as sites for single atom catalysts.

Single Atom Catalysis (SAC)

Development of chemical processes in the modern day are done with the aims of greener,
more sustainable, and economical methods. These are paired with the general aims of greater
efficiency and selectivity that can allow for more precise reaction pathways that could, for
example, help to reduce undesirable and often environmentally harmful side products. A
fundamental component of these processes are the heterogenous catalysts which accelerate
these reactions; some of the most efficient of which are built upon nanostructured substrates,
which have structural elements between 100 and 1 nm in size. These are already of great
interest and application; often utilising the unique electric, magnetic, and optical properties
of the substrate which can have valuable effects, for example, specific control over selectivity
of active sites [19]. When catalyst atoms are distributed on a substrate, they have a tendency
to group together and form nanoclusters. Efficient spread of these catalyst atoms into smaller

nanoclusters is controlled by the substrate; improved catalyst reactivity and reaction selectiv-
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Figure 4.1: Plot depicting specific reactivity of catalyst versus catalyst dispersion, alongside
the relationship between dispersion of catalyst with influence of substrate [11].

ity can thus be achieved by discovery and development of novel substrates. This relationship
is conveyed in Figure 4.1, displaying the improvement in specific reactivity (reactivity per
unit catalyst) and substrate influence, as the dispersion of catalyst atom on the substrate in-
creases. It is clear from this figure, that single atom dispersion could provide the greatest
reactivity and thus efficiency per catalyst atom. SAC, or single atom catalysis, refers to the
dispersion of single atoms across a substrate to achieve this improved functionality. Unfor-
tunately, it becomes increasingly difficult to stabilise greater dispersion of catalyst atoms,
becoming predominantly dependent on substrate. It is thus clear that supporting single cat-
alyst atoms on a surface is extremely difficult, requiring unique, exceptional substrates, to
prevent conglomeration, forming larger, less efficient nanoclusters, particularly in typical re-
action conditions at elevated temperatures of several hundreds of degrees Celsius. It is an aim
of SAC research to find a suitable substrate that can host lone catalyst atoms distributed in as
high quantities as possible across its surface. Some investigated mediums include: metal ox-
ides like iron oxides, on which single platinum atoms have been stabilised, or rhenium atoms
on zinc oxide; metal carbides such as platinum on tungsten carbide; and even on graphene
and graphene-like systems [56, 57, 58, 59, 60]. Previous studies have shown that metal atoms
have a tendency to become trapped or pinned to defect sites in graphene due to a greater elec-
tron density [60]. This study aims to investigate the synthesis process of graphene prepared
using a non-alternant molecule, azupyrene, in comparison to an alternant one, pyrene, seen

in Figure 4.3a and 4.3b, respectively. With an aim of understanding the effect of this on the
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Figure 4.2: The Fermi surface of graphene in a nearest neighbour tight-binding model [12, 13]

resulting graphene. If changes the concentration of defects, specifically Stone-Wales defects
in azupyrene syntheses can be controlled and optimised there could be potential for develop-
ment of a new synthesis method for graphene as a substrate for single atom catalysis [60].

This is discussed in more detail later in this chapter.

Graphene

Graphene is a 2-dimensional lattice of sp? hybridised carbon atoms arranged in a hexago-
nal network. It has been one of the most researched modern materials, particularly since
its first synthesis using the mechanical exfoliation method by K. Novoselov and A. Geim
[17]. Prior to its discovery, graphene’s unique, and potentially revolutionary properties had
been theorised, but its existence was believed to be impossible due to thermal fluctuations
[61]. Some of the most notable properties of graphene are its intrinsic strength, high charge
carrier mobility and thermal conductivity, higher than all other tested materials, in addition
to its great chemical stability [62, 63, 64, 65]. These give rise to a wide range of potential
applications from energy storage, to heterogenous catalysis [66]. Many of these excellent
physical and chemical properties stem from the carbon sp? hybridisation that, in aromat-
ics, forms a pseudo-delocalised cloud of electrons above and below the planar structure,
stabilised by the coupling between neighbouring 7 orbitals within the cyclic aromatic ring.
Meanwhile in graphene, bands form corresponding to the bonding and antibonding 7 and 7*
molecular orbitals. The result of which produces a Fermi surface seen in the 2-dimensional

k-space plot depicted in Figure 4.2. Here we see the meeting on the upper (electrons/7*)
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(a) Structure of azupyrene. Azupyrene is com-  (b) Structure of pyrene. Pyrene is composed of 4
posed of two 5-membered and two 7-membered  benzoid rings, with an alternant topology.
rings, giving it a non-alternant topology.

Figure 4.3: Diagrams of the structures of azupyrene and pyrene molecules.

and lower (holes/m) bands at Dirac cones situated at the corners of the k-space hexagonal
lattice. Through computation of the Schrodinger equation, using a single particle model, it
can be found that the energy at these meeting points is 0. Therefore, the two bands are split
at the Fermi level, through which electrons require no excitation energy to move. This gives
rise to the delocalisation of electrons across the graphene surface, massless relativistic charge
carriers, the quantum hall effect, and more. These effects are only reinforced by graphene’s
high stability, thus low defect probability; which lowers the rate of electron wave disruption
within the material [14, 67].

Defects in graphene

The majority of the outstanding properties that led to the prominence of graphene research
are due to it’s naturally low defect concentrations, many potential applications for graphene
involve utilisation of introduced structural defects and impurities. It is hence important to
understand the types and properties of the defects present within graphene. It can be difficult
to determine accurate measures of the nature of defects experimentally. Thus, theoretical cal-
culations, using DFT methods, can be done to estimate their stability through their formation
energies (Eyf,r,) and migration barrier (Ej,). These energies were obtained from the total

energy of a supercell containing the defect of interest:

Ef()rm =Eq— Epux — nu (41)
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Where E, is the total energy of the defective supercell, Ey, is the total energy of the graphite
substrate, and n is n the number of carbon atoms that were added or removed from the struc-
ture multiplied by u, the chemical potential of carbon [68, 69]. Determination of migra-
tion barrier involved either calculation of energies of known migration paths, prediction of
the reaction coordinate through hypothesized transition states (drag method), or methods
where the reaction coordinate is determined mathematically (nudged elastic band method)
[14, 70,71, 72].

The 2D nature of graphene’s structure gives graphene its unique properties whilst limiting
the possible type of defects that can exist within it. Ideal graphene’s high carrier mobility
that results in its hallmark quantum Hall effect and ballistic electron propagation at room
temperature, is dependent on its low concentration of defects that would disrupt electron
waves through the material. Similarly, adatoms and even clusters have been found to be very
mobile on graphene’s surface but stabilised at defects [73]. Single Vacancies (SV), are the
simplest of the defects resulting from removal of a carbon atom, as seen in Figure 4.4 a). The
resulting 5-9 membered ring structure is particularly unstable due to the under-coordinated
carbon atom, giving a comparatively high E¢,,,, 7.5€eV and a low E,, of 1.3 eV allowing mi-
gration at temperatures above 100°C. Stone-Wales (SW) defects, Figure 4.4 b), have a lower
formation energy (Efom = 5 €V) thanks to their lack of dangling bond. These defects involve
effectively rotating the central C-C bond 90°, maintaining stoichiometry and resulting in a
pair of two alternated 5 and 7 membered rings [74]. Its high formation energy leads to low
concentrations of SW defects in typical experimental temperatures of below 1000°C. How-
ever, their reverse transformation has an energy barrier of 5 eV, meaning that once the defect
is formed, stability is expected below 1000°C [75]. In general, introductions of pentagons
into the graphene lattice leads to positive curvature/protrusion out of the surface, whilst, the
heptagons lead to negative curvature/depression into the surface [76, 77]. In SW defects and
other symmetrical arrangements, these effects compensate for each other maintaining stabil-
ity of the defect within the planar, ideal graphene lattice despite having a non-planar local

environment. [14]

Multiple vacancies (MV) are of particular interest due to their reduced E¢,,,,,:Number of va-
cancies ratio. Double vacancies (DV), where two carbon atoms have been removed from the
lattice, have a similar total E ¢,,,t0 SV (E ¢y, ~ 8 €V) thanks to their 5-8-5 structure and lack
of dangling bonds seen in 4.4 c). Thus the existence of 1 DV is nearly thermodynamically
more favourable than 1 SV, and significantly more favourable than 2 individual SVs. Whilst
spontaneous formation of double vacancies in the lattice will be unlikely, the large gain in
energy from coalescence of two sufficiently mobile single vacancies would make this mech-

anism a much more common means of DV formation (only in single walled nanotubes). The
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following notation: 5-8-5 refers to the defect being made up of a 5, an 8, and a 5 membered
carbon ring; this does not necessarily indicate the arrangement of these rings. Upon rotation
of a bond in the 5-8-5 structure, just as in SW defect formation, a more stable 555-777 defect
is produced, and furthermore, a 5555-6-7777 defect. The 555-777 is of interest as it has a
1 eV lower formation energy than the 5-8-5 defect. These multi-vacancies have much higher
migration energies and thus are practically immobile in comparison to single vacancies (7 eV
>>> 1.3eV) [14, 78].

These various vacancies break the uniformity of the ideal graphene lattice, leading to pro-
trusions and depressions within the layer, but also increased electron density due to this
separation allowing sole 7 orbitals to extend out of the surface. This can give rise to in-
creased reactivity, for example, adsorption and substitution of foreign atoms onto/into these
defect sites. Adatoms will either physisorb via van der Waals bonding or for stronger cova-
lent bonding interactions, chemisorption will occur with the graphene surface. In the latter
case, the adatom will typically sit in a high symmetry position such as atop a carbon atom or
in the centre of a hexagonal unit [79]. Even these bonds are relatively weak; with migration
barriers of between 0.2 — 0.8 eV for various transition metals, according to various theoreti-
cal studies [79]. Transition metal (TM) adatoms, which have much larger atomic radius and
a greater number of valence electrons than most elements, have been found to be able to
be pinned by structural defect sites (Binding energy ~ 2eV) [80] thanks to their increased
electron density and thus reactivity. This is sufficient for stable trapping at up to 200°C [79].
Furthermore, foreign atoms can and will be substituted into the lattice; most easily at under
coordinated C atoms and electron dense regions. For atomically similar elements such as
boron and nitrogen, substitution is particularly viable due to the similar atomic radius, and
only slight difference in number of electrons [14, 81]. TM atoms tend to form covalent bonds
at single and double vacancies due to their greater reactivity. The resulting complexes, seen
in Figure 4.4 , have binding energies ranging between 2 and 8 eV. This could be sufficient

for the purposes of hosting catalyst TM atoms for SAC.

Synthesis Methods of Graphene

Since the mechanical exfoliation method was first discovered, a range of techniques have
been developed to synthesise graphene of varying levels of thickness (multilayer, bilayer,
monolayer, sub-monolayer), purity, and quantity. For the purposes of surface and funda-
mental structure analysis, reproducible and compliant methods are required, particularly for
monolayer and sub-monolayer study. In this use-case, epitaxial methods and mechanical
methods are common [82]. For the purposes of this study, however, Epitaxial Growth was
chosen. This is because of its reproducibility as a technique that allows accurate control over

experimental conditions to vary sample properties, also allowing easy production of sub-
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Figure 4.4: Depiction of different types of some of the types of possible defects in graphene.
a) Single Vacancy. b) Stone-Wales Defect. c¢) 5-8-5 MV. d) 555-777 MV. e) 5555-6-7777
MYV [14]
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monolayer molecular coverage. Sub-monolayer coverage being incomplete coverage of the

copper surface with regions of graphene.

Epitaxial growth of graphene with hydrocarbons on Cu(111)

Epitaxial growth is formation of a crystalline film with a defined orientation(s) onto a sub-
strate. In the case of this study, this process is done through a molecular beam, in ultra high
vacuum, depositing molecules onto a heated substrate. The process by which this occurs is
of high regularity allowing for fine control over layer thickness and other preparation param-

eters. It is this one of the most prominent techniques used for UHV surface science [83, 84].

The current accepted mechanism for graphene formation on most transition metals describes
the dissociation of carbon from supplied hydrocarbons; chemisorption into the crystal, de-
hydrogenation of the molecules and dissociation into carbon atoms; then diffusion into the
bulk metal before eventual diffusion to the surface once the temperature-dependent thresh-
old for nucleation has been reached through sufficient concentration of carbon within the
bulk. Finally, the precipitation process for graphene formation occurs on the surface [85].
Copper is unique in this regard in that it has a low solubility [86] and high diffusion barrier
[87]for carbon. Thus, the mechanism by which graphene forms on copper is believed to be
dominated by carbon reactant kinetics at the copper surface described by the Gompertzian
sigmoidal growth kinetics. A modified Gompertz function can be used to describe graphene
flake growth [88]:

Alt) = Amaxexp{—exp [—%(r )+ 1} } 4.2)

A being the flake area (,umz), Apmax the maximum flake area at growth saturation (umz),
Apax)s Wy the maximum growth rate(dA/dt), A the time lag (minutes), and ¢ the growth time
(minutes). Key features of this model are that it does not take into account crystal orienta-
tion as this is believed to be independent of the growth rate. It differs from other models
[85, 89] in that growth duration is determined by hydrocarbon exposure and not total dura-
tion at growth temperature (which would be the case for carbon diffusion out of the crystal).
The process can be described like so; supply and adsorption of hydrocarbons onto the surface
till supersaturation; meanwhile dissociation and dehydrogenation of hydrocarbons is occur-
ring; nucleation phase begins after which graphene growth is continual from these nucleation
site, dominated by continual adsorption of hydrocarbon; some secondary nucleation occurs
but graphene growth is dominated by first nucleation; gradually full coverage of surface is
reached with majority monolayer (98 + %) [88]. Nucleation is limited by copper sublimation

leading to an inverse relation between growth temperature and nucleation site density. Mean-
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while, the rate limiting step would appear to be dehydrogenation of adsorbed hydrocarbons,

as opposed to diffusion out of bulk.

The differing growth mechanism of graphene on copper(111) made it an interesting can-
didate for study. Whilst the 2D nature of graphene makes it suited for study using surface
analysis techniques, its selection as a substrate was also due to its relevance to chemical in-
dustry as a low cost, relatively easily scaled, and intermediate reactivity as a transition metal
that would maintain adsorption of azupyrene at graphene growth temperatures greater than
1000°C but weakly bound enough to allow adsorbate movement required for the graphene

growth mechanism [85].

4.2 Methods

4.2.1 Equipment

When carrying out epitaxial growth, a doser is chosen to supply the desired flux of a molecule/evaporant.
Depending on the vapor pressure of the evaporant, an evaporant can require a different valve

or control of temperature to achieve a desired molecular flux.

Line-of-sight doser (LOSE)

Azupyrene has an intermediate vapour pressure that is too low to be leaked in using a leak
valve but too high to be evaporated using an organic evaporator. Steady evaporation of
azupyrene was achieved using a LOSE. The LOSE utilised at 109 is made up of a glass
crucible with a modular temperature control device that can heat or cool molecules using a
peltier element controlled by an external power supply, along with water cooling if cooling
is required. The molecular flux can then be directed on a precise area with the UHV chamber
through a specially manufactured, unreactive glass capillary that can be wound into or out of
the chamber to control the spread of the flux onto the crystal substrate. The glass capillary
provides a less reactive direction mechanism than a LOSE which utilises a metal capillary
tube.

4.2.2 Synthesis Procedure

All of the XPS, XSW, and LEED data in this section was collected in experimental hutch 2
(EH2) of the I09 Beamline at the Diamond Light Source Synchrotron; whilst the STM was
measured at the Surface and Interface Laboratory, also at Diamond Light Source. The follow-

ing procedures are a result of 2.5 years of research in an ongoing project involving numerous
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staff at 109, and collaborators. Furthermore, some of the results displayed in this section were
collected before my involvement in the research. Specifically, the data of XPS spectrum a) of
Figure 4.8 & 4.9, and NIXSW spectra a), b), and c) of Figure 4.10.

Crystals were cleaned using an Ar gas line attached to a leak valve, paired with an ion gun
to sputter the crystals. Sputtered crystals were then annealed to ~ 700° C using the heaters
built into the respective manipulators, though the majority of preparations were completely
in SPC2 which utilises a resistive heater. Preparations were carried out with the LOSE onto
Cu(111) single crystals at varying temperatures. See Section 2.2 for more details on the 109
end-station.

Initially, synthesis methods were varied to identify a preferred procedure. For example, de-
positing onto a cold crystal then post-annealing was found to reduce molecular coverage
substantially and uncontrollably thus continuous deposition at temperature was selected. De-
position of molecule was done using the LOSE, with slightly elevated evaporant temperatures
(30—40°C). Before the first deposition for any experimental period, the molecule was opened
to the chamber for at least 30 minutes to allow molecules to coat the quartz tube within the
LOSE so that a more consistent flux was achieved during depositions. Evaporant tempera-
tures for the LOSE were aimed to be kept constant, as were coverages, however, preparations
were carried out in the different UHV systems of the Surfaces and Interfaces lab and 109,
and so acquiring consistent and equivalent coverages were less similar between systems. Be-
tween beamtimes in which measurements were made, initial rough calibration preparations
were made and measured with XPS to ensure consistent coverages. Crystal temperature was
the key experimental parameter that was changed between preparations, to study the different

stages of growth mechanism with different thermal energy.

4.2.3 Analysis Techniques

Soft XPS measurements were taken for greater surface sensitivity. C 1s spectra were mea-
sured at 430 eV. After each change in photon energy, the Fermi edge was measured to allow
correction to binding energies for any slight variations in photon energy during energy moves.
NIXSW on the Cu(111) surface was used to determine coherent position and fraction of the
Carbon atoms in relation to the surface plane, and the specific adsorption height was deter-
mined using the d separation of the Cu(111) plane (d;; = 2.08711&). Due to the mechanism
of the technique, this only indicates whether the carbon is at (n+ P,) x dj1, where n is an
integer. Included in the NIXSW cycles were reflectivity measurements to check crystal qual-
ity at that spot, and HAXPES was used for an C 1s XPS before and after an XSW to check
for potential beam damage indicated by a difference in intensity [90]. NIXSW data was fitted
using a script written by David A. Duncan, and adapted for this work.

XPS peaks were fitted using the Wavemetrics XPST module designed for IGOR Pro 9.0 [91].
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A 2

(a) LEED image taken at 49 eV of azupyrene (b) LEED image taken at 56 ¢V of pyrene pro-
produced graphene. duced graphene.

Figure 4.5: LEED images of azupyrene and pyrene produced graphene displaying the char-
acteristic graphene arc surrounding the Cu (111) reciprocal lattice points [5].

STM data were acquired using an Omicron VT XA STM at room temperature in the
UHV chamber of the Surfaces and Interfaces lab at Diamond Light Source. Chemically
etched tungsten STM tips were used for the displayed images. They were first conditioned

using a clean Au(111) sample using voltage pulses of varying strength.

4.3 Results & Discussion

Initial growths at higher temperatures were carried out to confirm that epitaxial growth was
possible on a copper(111) surface for both of the molecules. LEED provided a quick means
for doing so; by searching for the existence of the characteristic circular arc surrounding the
Cu(111) diffraction spots that is present with graphene [5]. In both pyrene and azupyrene, this
pattern was found. These images are displayed in Figure 4.5b and Figure 4.5a, respectively.
This indicated the possibility of existence of graphene upon the surface. Furthermore, STM
images were taken of samples prepared at similar temperatures from the two molecules, with
870K preparation of azupyrene, seen in Figure 4.6, and a ~970K preparation of pyrene,
seen in Figure 4.7.

Figure 4.6 depicts growth of the azupyrene network from islands, two of which are seen
in the centre of the image with flat centres and textured edges indicating consistent and varied
physical and electronic structure within these islands. This flatness in the STM image could
be interpreted as the centres of the islands having a more uniform, graphene-like property,

whilst growth of the islands occurs outward from the edges of the island. The evidence of
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Figure 4.6: STM of a 2D Island preparation of graphene from Azupyrene at 870 K. Image
was taken at 1V, with a current of 1 nA. a) Improved contrast image of moire pattern from
graphene.

graphene is confirmed by the region highlighted in white, and scaled up in the inset; within
which a hexagonal Moire pattern is visible. This pattern, described in Section 3.5.1, is charac-
teristic of ideal graphene on the Cu(111) surface, further confirming the synthesis of graphene
by azupyrene on Cu(111) at this temperature range [92]. The nature of the textured edges sur-
rounding the islands is also of interest with large changes in electron density, appearing to
spread outward in a dendritic fashion from the islands. This growth also appears to stem
from the terrace edges of the copper crystal and was present in both of these environments in

numerous preparations of azupyrene.

Figure 4.7 is a larger scale STM image of a higher temperature preparation of pyrene, de-
picting larger islands, with a clear Moire pattern. The extensive presence of this Moire pattern
is the result of the misaligned hexagonal lattices, likely of synthesised graphene and copper.
This type of Moire pattern has also been seen in other studies of graphene on copper[92].
Less prominent in the pyrene growth is growth stemming from the copper terrace. Notably,
the copper surface is covered in numerous triangular oligomers in the pyrene preparation,
highlighted in inset a) of Figure 4.7. Whilst exact size of these molecules cannot be deter-
mined accurately at this scale of STM image, a rough estimate would put them at ~ 4 nm,

on the scale of multiple pyrene molecules. Its triangular general shape is indicative of it be-
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Figure 4.7: STM of a molecular preparation of graphene from pyrene between 870 K and
1070 K. Image was taken at 1.5V, with a current of 0.3 nA.

ing a trimer of pyrene molecules. The existence of these trimers at such a high preparation
temperature may be evidence of their stability and their interaction with the surface being
sufficiently strong so as not to desorb upon heating. Alternatively, it may be the result of
molecules remaining in the UHV chamber whilst the crystal was cooling, then adsorbing at

a lower temperature and oligomerising into the trimer form.

Whilst pyrene preparations were carried out in smaller quantities, numerous preparations
of azupyrene have been studied with STM allowing different temperature ranges to be clas-
sified into 4 growth stages by which they will be further referenced: Molecular, Dendritic,
2D Islands, and Ideal. The same was not done with pyrene due to insufficient STM analysis,
and as a result of failure of equipment during the research. Some XPS and NEXAFS analy-
sis was done on varying temperature preparations at the MAX IV synchrotron, however, no

substantial changes were seen, suggesting fewer growth phases for pyrene.

Further analysis of these preparations was carried out using XPS, specifically the C 1s peak
using soft X-rays, the results of which are displayed in Figure 4.9 for pyrene and Figure 4.8
for azupyrene, with peak fitting parameters tabulated in table 4.2 and table 4.1, respectively.
NIXSW was also completed for the C 1s peak, the spectra of these are displayed in Figure
4.11 & 4.10 for pyrene and azupyrene, respectively, the results of which were tabulated in
table 4.4 & 4.3.
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4.3.1 Molecular

The XP spectra of molecular azupyrene on Cu(111), is shown in spectra a) of Figure 4.8;
whilst the specific fitting parameters of these are found table 4.1. Meanwhile, the XP spec-
tra for molecular pyrene can be seen in spectra a) of Figure 4.9, with the fitting parameters
denoted in table 4.2. Comparing the binding energies of the two component peaks of molec-
ular azupyrene and pyrene; azupyrene is lower at 284.35eV and 283.96, relative to that of
pyrene at 284.81 eV and 284.40 eV. The reduced binding energy of the azupyrene chemical
environments indicates greater interaction with the metal crystal. Thus the lower binding
energy of azupyrene would indicate that it is closer bound to the crystal, interacting more
strongly. Previously studies have shown that non-alternant molecules interact more strongly
with metal surfaces due to hybridisation of their molecular 7 orbitals with electronic states
of the metal surface [6, 93, 94, 95]. These results would support these studies. Furthermore,
there is a greater asymmetry of both azupyrene peaks relative to that of pyrene; 0.22 and
0.22 compared to 0.14 and 0.20, for primary and secondary peaks. As discussed in Section
3.2, asymmetry of an XPS peak is a result of final state effects, some of which are propor-
tional to the interaction of an adsorbate with a source of electrons(i.e. the metal surface [34]).
This theory would imply that the greater asymmetry of azupyrene peaks would be a result of
greater interaction with the surface, supporting the aforementioned theory of non-alternant
molecules interacting more strongly with metal surfaces. Individual peak widths for both
molecules are similar, around ~ 0.6 ev for both peaks of both molecules which is to be ex-
pected for simple molecules containing few different chemical environments, that are sitting

unreacted upon a surface.

The presence of 2 peaks within the azupyrene XP spectra can be explained by these pre-
vious studies also. Using DFT simulation of a similar non-alternant molecule to azupyrene,
azulene, which is made up of a single pair of 5-7 membered rings, this study predicted elec-
tron donation from the metal surface to the non-alternant azulene, leading to negative charg-
ing and deformation of the azulene to form more distinct chemical environments interacting
differently with the surface and sitting at different adsorption heights [95]. This may be a re-
sult of the multiple chemical environments in azupyrene. It is also possible that the differing
environments relates to the tertiary or secondary carbons with 3 or 2 carbons bonded to other
carbons, respectively. Alternatively, this could also represent the environments of carbons

within the azupyrene/pyrene molecule and those on the edge, bonded to hydrogens.

newline
Molecular azupyrene was the only 2 peak NIXSW analysis included in this report was

because of its 2 distinct carbon environments present in its C 1s spectrum, seen in spectrum
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a) and b) of Figure 4.10, the results of which are denoted in table 4.3. This analysis showed
low adsorption heights of 2.08 Aand 2.33 A, as predicted by the low binding energies of the
peaks and the high asymmetries in XPS, and a concentrated spread of heights with a coherent
fraction of 0.79 and 0.74 respectively. This high coherent fraction is expected for a room
temperature deposition of a molecule, as only the lone molecule exists on the surface. This
would have the implication that the two peaks represent two different chemical environments
within azupyrene structure, reinforcing the aforementioned distortion in planarity of the non-

alternant azupyrene as a result of the stronger binding of the 5-7 structure.

In the 1 peak pyrene NIXSW analysis, seen in spectrum a) of Figure 4.11 and tabulated in
table 4.4, only 1 peak could be accurately distinguished in the XSW analysis due to the small
height of the secondary peak. Despite this, it is likely that a 2 peak analysis wouldn’t reveal
a significant difference in coherent fraction or position indicated by the already fairly high
coherent fraction. The determined adsorption height was much higher than that of azupyrene
at 3.11 A. This would reinforce the weaker binding predicted from the alternant molecular

pyrene XPS, indicated by its higher binding energy and lower asymmetry than azupyrene.

4.3.2 Dendritic

The dendritic preparation of azupyrene can be seen in spectra b) of Figure 4.8, with its fitting
parameters denoted in table 4.1. This preparation was carried out at 50 K lower in temper-
ature than that measured in Figure 4.6, thus one would expect less ideal graphene regions,
and a greater amount of dendritic phase in this preparation. The XP spectra was fitted with a
broad primary peak centred at a low binding energy of 284.15eV of width 0.85eV with no
asymmetry, and substantially smaller secondary peak at a lower binding energy of 283.32 eV.
The broadness of the peaks at 0.85 eV, suggest their composition to be of numerous carbon
environments ranging from possible unreacted molecular azupyrene, partially reacted den-
dritic azupyrene and oligomers, to likely small quantities of ideal graphene. This assuming
our growth model is correct and that it encompasses the entire process which is wholly un-
likely. Other examples of possible reaction intermediates include; sigma bonded molecules
with the surface, or adatoms. The prominence of these may lead to different trends in bind-
ing energy and asymmetry to what our hypothesised mechanism would expect. Fitting this
peak with more subpeaks to determine the chemical environment of each of the components
of individual species proved to be difficult and unsuccessful, but it is safe to assume a large
spread of environments in the dendritic form. Fitting with only 2 peaks may have had the
effect that the individual asymmetries of the component environments were absorbed into
the broad peak width. Alternatively, lack of asymmetry of either peaks could indicate that
the molecular azupyrene, that binds strongly with the surface to produce asymmetry, is not

stable at these crystal temperatures. Assuming that the remaining structures on the surface



CHAPTER 4. AZUPYRENE AND PYRENE ON CU(111) FOR GRAPHENE 63

a) Molecular (RT)

5 Dendritic (320 K e

C) D Islands (SSOK)

Tdeal Graphene (970 K

d

| | | | | |
287 286 285 284 283 282

Binding energy (eV)

Figure 4.8: Comparison of soft XPS C 1s peaks and their sub-peaks for different temperature
preparations at different stages of growth of graphene from azupyrene.

are primarily the dendritic form of azupyrene, the dendritic network may disrupt the aromatic
7 system that interacts with the metal surface in molecular azupyrene, resulting in a loss of
peak asymmetry. This may be the source of the secondary peak in the 2D islands XP spec-

trum in Figure 4.8, spectra c).

A 1 peak NIXSW analysis of a dendritic preparation of azupyrene can be seen in spectrum
c) of Figure 4.10, the results of which are denoted in table 4.3. The slightly higher adsorption
height is indicative of reaction of azupyrene to form reaction intermediates as the average
height has moved away from the molecular form and closer to that of graphene and 2D
islands. The low coherent fraction of 0.30 describes a larger spread in adsorption heights,
which would be expected for a surface that contains oligomers and dendritic structure, all with
varying structures that have varying interaction with the metal surface. This would conform
with the dendritic regions with variable height and electronic structure seen in Figure 4.6, the
STM image of a 2D island preparation of azupyrene. As the adsorption height is still fairly
low compared to that of the higher temperature preparations, it is quite likely that molecular

azupyrene exists on this surface; contributing to the low mean adsorption height.
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Figure 4.9: Comparison of soft XPS C 1s peaks and their sub-peaks for different temperature
preparations at different stages of growth of graphene from pyrene.

4.3.3 2D Islands/Intermediate

The spectra for the 2D islands preparation for azupyrene is shown in spectra c) of Figure
4.8 with specific fitting parameters denoted in table 4.1. The peaks in the azupyrene spectra
have increased in binding energy from their dendritic preparation, spectra b) of Figure 4.1,
now located at 284.36 eV, and 283.91 eV, suggesting a trend toward the higher binding energy
of graphene with the azupyrene. The temperature of this preparation would be comparable
to that seen in the STM image in Figure 4.6, and so one could associate this binding energy
change to the increase in graphene-like property of the centres of the islands and closest to the
terraces, seen in inset a). The azupyrene peaks themselves have both narrowed with widths
of 0.53 eV, suggesting a reduction in concentration of reaction intermediates and increase in

consistent graphene-like form.

Meanwhile, the XP spectra of the intermediate temperature preparation for pyrene is shown
in spectra b) of Figure 4.9 with specific fitting parameters denoted in table 4.2. Relative
to the molecular pyrene preparation, minimal change in binding energy has occurred with a
slight decrease (<0.1 eV) in binding energy, as well as a slight narrowing of the primary peak
from the molecular form from 0.61 and 0.55 eV, meanwhile the secondary peak remained the
same width. This lack of chemical environment change may simply be a consequence of the
similarity in structure to graphene, and so the graphene growth process of pyrene may not
induce as visible changes in chemical environment, as seen through XPS, relative to that of
azupyrene.

Whilst it is unlikely, this may simply mean that the required temperature for graphene syn-
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Growth Crystal Peak Binding Relative | FWHM | Asymmetry

Stage Temperature (K) Energy (eV) | Intensity (eV)

Molecular 300 1 284.35 0.56 0.63 0.22

2 283.96 0.44 0.63 0.22

Dendritic 820 1 284.15 0.92 0.85 0.00

2 283.32 0.08 0.85 0.00

2D Islands 850 1 284.36 0.86 0.53 0.00

2 283.91 0.14 0.53 0.00

Ideal 970 1 284.60 091 0.36 0.20

2 284.20 0.09 0.80 0.00

Table 4.1: Table of fitted azupyrene XPS peak parameters. The respective spectra and peaks
can be found in Figure 4.8

Growth Crystal Peak Binding Relative | FWHM | Asymmetry
Stage Temperature (K) Energy (eV) | Intensity (eV)

Molecular 300 1 284.81 0.67 0.61 0.14
2 284.40 0.33 0.55 0.20
Intermediate 870 1 284.74 0.67 0.55 0.05
2 284.38 0.33 0.56 0.03
Ideal 870 1 284.60 0.85 0.46 0.06
2 284.16 0.15 0.45 0.10

Table 4.2: Table of fitted pyrene XPS peak parameters. The respective spectra and peaks can
be found in Figure 4.9

thesis using pyrene is higher than that of azupyrene, and the activation energy for the inter-
mediate phase to start forming graphene has not been reached.

The largest change in peak parameters between the intermediate and molecular pyrene
prep is the loss in asymmetry of the two peaks, suggesting some change in structure lead-
ing to a weaker interaction with the the surface; perhaps oligomerisation or formation of the
aforementioned trimers that could interact weakly with the surface. These structure would
have to have a weaker interaction with the surface to produce this result. Alternatively, this
may be a result of not fitting all the individual chemical environments in the fairly broad
peaks, possibly resulting in the larger peaks absorbing the asymmetry into their intensity.
This lack of asymmetry is also true for azupyrene at this temperature range despite clearly re-
acting, the previous explanations could also hold true for the azupyrene XP spectra. As both
molecules have the same lacking asymmetry, it may relate to both molecules intermediate

phases having a disrupted 7 system that does not interact as strongly with the metal surface.

A key difference between the different the intermediate preparation of the different molecules,
is the trend in secondary peak height from low to high temperature preparations such as

that of the intermediate and 2D islands preparations. The decrease in secondary azupyrene
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peak is indicative of a development in the growth process, with less dendritic phase existing.
Meanwhile the continued prominence of the secondary peak for pyrene may indicate that the
growth process occurs at higher temperatures for pyrene, and/or that part of the secondary
peak in the pyrene is not part of a dendritic phase, but the trimers, seen in STM image in

Figure 4.7, that appear to survive up to high temperatures.

A 1 peak NIXSW analysis of a 2D islands preparation of azupyrene can be seen in spec-
trum d) of Figure 4.10, the results of which are denoted in table 4.3. An increase in mean
adsorption height of 0.55 A, to 3.04 Ais measured for this preparation; nearing that of ideal
graphene, seen in spectrum e). This suggests a development in the growth process, poten-
tially formation of some quantities of ideal graphene, as seen in the centre of the islands of
the STM image in Figure 4.6, which would contribute to a higher mean height. The remain-
ing presence of dendritic azupyrene and other reaction intermediates would also be expected
to contribute to the slightly reduced adsorption height from ideal. A low coherent fraction
of 0.30 would agree with this prediction, indicating the broadening of the range of phases
of azupyrene, now including graphene, dendritic, and possibly even molecular, though this

phase was not visible in the STM.

In the 1 peak pyrene NIXSW analysis, seen in spectrum b) of Figure 4.11 and tabulated
in table 4.4. The results of this NIXSW did not reveal any substantial changes in the co-
herent fraction, increasing by 0.03 from the molecular preparation, and remaining at 0.51;
neither has it had much effect on mean adsorption height, increasing by 0.03 A, to 3.14A.
This lack of substantial change would suggest that either minimal reaction has occurred with
the pyrene on the surface, or that the reaction intermediates of the growth process of pyrene on
copper(111) maintain a similar adsorption height. Reaction intermediates could be expected
to simply be larger oligomers of pyrene, or potentially islands of graphene. This would not
be easily differentiable the graphene form. These results agree with those of the XPS which
indicated similar peak properties between molecular intermediate phase. In general, it is not
clear at what stage the pyrene is changing, and whether it is changing rapidly at all due to the
nature of XPS and NIXSW techniques.

4.3.4 Ideal Graphene/Graphene

The XP spectrum for the ideal graphene from azupyrene is shown in spectra d) of Figure
4.8, with specific fitting parameters denotes in table 4.1. This preparation of azupyrene has a

significantly narrow primary peak of 0.36 eV, indicating a high purity of graphene resulting
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Growth Stage Coherent Fraction (Fy,) \ Coherent Position (P) \ Adsorption Height (A) ‘
Molecular Peak 1 0.79+0.06 0.12+0.03 2.34+0.06
Molecular Peak 2 0.75+0.07 0.00+0.03 2.094+0.06

Dendritic 0.40£0.05 0.194+0.04 2.484+0.08
2D Islands 0.304+0.04 0.46+0.03 3.054+0.06

Ideal graphene 0.75+£0.03 0.56+0.01 3.26£0.02

Table 4.3: Table of azupyrene XSW Results for different growth stages.

Growth Stage | Coherent Fraction (Fy,) ‘ Coherent Position (P;) ‘ Adsorption Height (A) ‘

Molecular 0.48+£0.05 0.49+£0.04 3.11+0.08
Intermediate 0.51£0.02 0.51+0.01 3.15+£0.02
Dendritic 0.58 £0.03 0.50+0.01 3.13+£0.02

Table 4.4: Table of Pyrene XSW Results for different growth stages.

from its high concentration of identical chemical environments, hence the labelling of this
preparation as ideal graphene. Furthermore, the relative intensity of the primary peak com-
pared to the secondary, 0.91:0.09 respectively, indicates the low concentrations of alternative
environments and growth phases such as dendritic, and other oligomer structures. The sec-
ondary peak is substantially more broad at 0.8 eV width, is likely accounting for the small
concentrations of various phases remaining on the surface, or alternatively, the edge carbons
and those at the terraces of the copper. Furthermore, the primary peak has a high asymmetry,
indicating that there is a strong interaction between the ideal graphene and the copper surface.
The lack of asymmetry in the 2D islands phase would suggest there is a difference between
this interaction depending on the quality of graphene. Conversely, the higher binding energy
of this primary peak at 284.60 eV would suggest that the interaction between the surface has

gotten weaker.

Meanwhile the spectra for the graphene preparation for pyrene is shown in spectra c¢) of
Figure 4.9, with specific fitting parameters denoted in table 4.2. The primary peak of pyrene
has the same binding energy of 284.60 eV, suggesting that this represents the graphene in
both samples. Despite this similarity, the properties of the spectra of these samples have some
clear differences. For example, the secondary peak of pyrene is much more dominant with
a ratio of 0.85:0.15 between the primary and secondary peak, suggesting a more prominent
alternative phase(s). Moreover, the primary peak is more broad, at 0.46 eV, than that of ideal
graphene from azupyrene, indicating a lower purity. The secondary peak is similarly wide to
the primary, indicating that it is representing a single, or at least a small range of pyrene envi-
ronments, perhaps the trimer seen in the STM image in Figure 4.7 contributes significantly to

this. The asymmetry of the primary graphene peak is still fairly low in comparison to that of
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Figure 4.10: NIXSW of different stages of growth of graphene from Azupyrene. a) Molecular
sample peak 1(Room Temperature). b) Molecular sample peak 2(Room Temperature). c)
Dendritic sample (820 K). d) 2D Island (870 K). e) Ideal graphene (973 K).
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Figure 4.11: NIXSW of different stages of growth of graphene from Azupyrene. a) Molecular
sample (Room Temperature). b) Dendritic sample (820 K). ¢) 2D Island (870 K).

azupyrene; whilst the secondary peak has a higher asymmetry, possibly suggesting a weaker
interaction with the surface for pyrene graphene than azupyrene graphene. Simultaneously,
the alternative pyrene environments in pyrene, may interact more strongly with the surface,

producing this asymmetry.

From this data, a question arises as to whether higher or lower quality graphene is bound
more strongly to the surface. According to the previously mentioned studies, non-alternant
defects/impurities would lead to stronger interaction with the surface [6, 94, 95]. This would
imply that the higher asymmetry for azupyrene graphene compared to that of pyrene would
mean azupyrene graphene is not more pure, but in fact contains more defects, in particular,
5-7 defects from the azupyrene reagent. This would disagree with the implication narrowness

of the peak; that the environment is more concentrated and defined, thus is more pure.

Regardless of comparison with the azupyrene, both peaks of this pyrene preparation are
narrower than before and have higher binding energy than the intermediate preparation. The

secondary peak has decreased in intensity substantially from the lower temperature.

A greater perspective for this argument is provided by the NIXSW of the two graphene
preparations of the molecules. A 1 peak NIXSW analysis of the ideal graphene from azupyrene
can be seen in spectrum e) of Figure 4.10, the results of which are denoted in table 4.3. A
significant improvement takes place as a result of this temperature step. Firstly, the adsorption
height increased further to 3.26 A, which clearly indicates further production of graphene, as
alternative product with such an adsorption height that could contribute to the higher height
is not known. More significant is the substantial increase in coherent fraction to 0.75, indi-
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cating a much higher concentration of ideal graphene, and lower concentration of dendritic

and intermediate phase graphene.

Conversely, in the 1 peak pyrene NIXSW analysis, seen in spectrum c) of Figure 4.11
and tabulated in table 4.4. The mean adsorption height of the high temperature prepara-
tion of pyrene is practically identical to that of the intermediate phase. The only change
comes in the improvement in coherent fraction by 0.07 to 0.58, indicating a slight decrease in
spread of heights, despite them being centred around 3.14 A. Through more extensive study of
azupyrene graphene, the expected adsorption height of graphene on copper(111) is believed
to be 3.24 A; implying either a lack of purity in the resulting pyrene graphene, or an alter-
native product with a lower adsorption height, that is preventing a higher coherent fraction
from being achieved. A combination of the both may be the most likely option considering
that the XPS study of pyrene graphene, seen in spectra c) of Figure 4.9, has shown a slightly
more broad primary carbon environment at the same binding energy of azupyrene graphene,
seen in spectra d) of Figure 4.8, but also containing a notable but narrow secondary peak at
a lower binding energy which could possibly account for the trimers seen in the pyrene STM

image in Figure 4.7.

Due to limitations in the experimental systems used for synthesis, the temperature of the
copper crystal could not be controlled reliably and consistently above those shown in this
paper, and so producing preparations with pyrene at higher temperatures was not done. It
may well be possible that at higher temperatures, pyrene produces graphene with a coherent
fraction similar to that of azupyrene, with a coherent position similar to that as well. The
mechanism by which this occurs is not entirely clear, potentially involving incorporation of
the stable oligomers into the body of the graphene network, or desorption from the crystal,
for example, of the aforementioned pyrene trimers. Alternatively, there may be some other
feature that needs to optimised for better quality growth of graphene by pyrene. What can be
concluded from this research is the growth of graphene at comparable temperatures between
pyrene and azupyrene, produces a less defined graphene environment, with a secondary fea-

ture that is indicative of another which may be trimers remaining on the surface.

4.3.5 Conclusions

Studying the growth of azupyrene using XPS, NIXSW, and STM indicated the existence of 4
growth stages, at increasing crystal temperatures: Molecular(~ 300 K), Dendritic (~820 K),
2D Islands (~ 870K), and ideal graphene (~ 970 K). The existence of graphene confirmed
through measurement of characteristic graphene arc in LEED[5], and characteristic moire

pattern seen in STM[92]; with the quality of graphene indicated by the narrow width of its
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XPS environment in the C Is spectrum, and a high coherent fraction seen in NIXSW. Study
of pyrene growth showed evidence of graphene through LEED and STM at similar crystal
temperatures (870 — 1070 K), although XPS and NIXSW revealed a broader range of car-
bon environments at similar temperature preparations. Study of pyrene and pyrene produced
graphene was more difficult due to the similarity of the natural pyrene environment with that
of graphene. Where in azupyrene, there are clear changes in adsorption height during the
growth process, determined by NIXSW, varying from a predicted mean adsorption height as
low as 2.08 A, to 3.26 A, the predicted adsorption height remained consistent, varying be-
tween 3.11 Aand 3.14 A. This would suggest some change in the electronic structure of the
azupyrene during growth, a larger number of reaction intermediates. Furthermore, the coher-
ent fraction of azupyrene fluctuated substantially between 0.30 and 0.79 for different growth
stages, whereas pyrene only varied between 0.48 and 0.58 from molecular to graphene prod-
uct; further supporting the substantial change in azupyrene physical and electronic structure
compared to that of pyrene. In terms of possible reaction intermediates for pyrene, one would
expect larger chain oligomers of hexagonal pyrene. The growth process likely does not in-
volve breaking of pyrenes hexagonal subunit, or its aromaticity, as this would have been
indicated by a more substantial change in XP peak binding energies, and variance in mean

adsorption height measured through NIXSW, for different crystal temperature preparations.

Whilst there were some indications of purity of environments from XPS and NIXSW
analysis of azupyrene and pyrene preparations, the defect concentrations of azupyrene and
pyrene graphene could not be definitively stated from this research. Further study, potentially
incorporating AFM or low temperature STM, of defect types and concentration for various
quality preparations could indicate whether the 5-7 defects exist within these samples, and
optimise for desired concentrations of these defects through control of preparation tempera-
ture, with target of potential sites for single atom catalysts. This study would also be useful
to understand the growth mechanism of pyrene and azupyrene in more detail. Looking for-
ward, research attempting depositing metal and other heteroatoms upon these sites would
be a clear next step for development as a SAC substrate. In conclusion, this study served
to provide a fundamental understanding of the results of graphene synthesis using alternant
and non-alternant molecules through epitaxial growth of copper(111), revealing some quality

differences, and clear differing pathways of growth for azupyrene and pyrene.



Chapter 5

Energy-scanned Photoelectron

Diffraction analysis of Molybdenum
Disulfide on Au(111)

5.1 Introduction

One type of 2D material that has come into the fore in recent years, particularly since dis-
covery of graphene, are transition metal dichalcogenides (TMDCs). TMDCs have chemical
formula MX,, where M is a transition metal, and X are chalcogens; and are structurally ar-
ranged as a layer of transition metal, sandwiched between two layers of chalcogen atoms.
Choice of chalcogen is frequently sulfur, selenium or tellurium; whilst choice of transition
metal is commonly molybdenum, tungsten, tantalum etc. In contrast to the most promi-
nent 2-D material, graphene, TMDCs uniquely have strong spin-orbit coupling, favourable
electronic and mechanical properties, including a direct bandgap in monolayer form. These
electronic properties are similar to that of the most common Si/GaAs materials used in cur-
rent semiconductor technology, but on the nanoscale; with modern Si semiconductors being
as small as 7 nm, there still lies potential for further reduction of this size, for greater space
efficiency of chips. Application of atomic thickness components, produced using 2-D mate-
rial based semiconductors could be the next stage for the transistor and general electronics
industry[96]. Furthermore, these properties give rise to numerous applications including flex-
ible electronics, optical electronics, energy storage and harvesting. A key stage in develop-
ment of these products is improving understanding of the physical structures that underpin a
materials properties. This study involves the use of energy-scanned photoelectron diffraction
(PhD) to attempt to identify the structure of MoS; on Au(111) [97, 98].
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5.1.1 Molybdenum Disulfide

The most popular combination of TMDC in recent times has been molybdenum disulphide(MoS,)
due to its high on/off current ratio (108) useful for field effect transistors, a sizeable charge
carrier mobility of 200cm? (Vs)~!, and variable band gap for the 1H configuration; shifting
from a direct band gap of 1.88eV to an indirect band gap of 1.29eV when increasing the
number of layers from monolayer to bulk, respectively [18]. This tunability of the band gap
holds true for variation in other properties of its nanostructure, giving potential for flexibility
through a range of uses from biosensors [99] to nanoscale electronics [20, 100, 101, 102].
The components of MoS, are also particularly common and safe to work with compared to
other options of chalcogen(e.g. selenium, tellurium) [97]. MoS, has found varying use pho-
tovoltaic devices, and rechargeable batteries, and in solid-state lubricants thanks to its weak
interlayer interactions [103, 104, 105]. Additionally, MoS, has been investigated for possi-
ble applications in energy storage and conversion, use in the hydrogen conversion reaction

(HER), as an electrode material for lithium and sodium batteries to name a few [18].

5.1.2 Polyptism of Molybdenum Disulphide

MoS, can be synthesised through varying methods; leading to creation of different allotropes
and morphologies (e.g. 2D nanosheets, 1D nanowires, and 0D nanoplatelets)[19]. Despite
these varied overall macrostructures, the majority of studies have shown that (cite the studies)
bulk MoS; has 3 primary structural configurations: 1T, 2H, and 3R; where the number refers
to the number of layers in the bulk unit cell, and the letter refers to the type of structure where
T - Trigonal, H - Hexagonal, and R - Rhombohedral [106]. Each of these structures have
been found to exhibit different electronic properties as a result of their structural differences,
meanwhile heterostructures have also been found to form [107]. This study involves analysis
of monolayer and sub-monolayer preparations of MoS; thus the configurations differ only
by monolayer unit cell, for which the 3R and 2H are identical. Thus, this study primarily

considers the possibilities of the 1T and 1H conformers of MoS5.

1H MoS»

This structure is by far the most common form of MoS,, exhibiting a hexagonal structure
with literature lattice parameters (citation) a = 3.15 A, c=12.30 A, seen in Figure S.1a.
The 1H structure is composed of a triangular prismatic configuration of Mo and its 6 coor-
dinated S atoms, with Dg, symmetry, and P63 /mmc space group and behaves as an n-type
semiconductor. It is the most thermodynamically stable of the conformers, being stable until
1203°C before forming Mo,S3. Common synthesis techniques include CVD, PVD, and ball
milling. Interestingly, its band gap can be altered when heated at high pressures such that

its electronic properties go from being semiconductor-like to metallic. Electronically, it has
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a)

(a) a) Vertical, b) side view of 1H — MoS, struc-
ture, c) trigonal prismatic coordination of 1H
configuration. In this structure, the Mo atom has
trigonal prismatic coordination with the S atoms,
with the upper S atoms situated directly above
the lower S atoms.
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(b) a) Vertical, b) side view of 1T — MoS, struc-
ture, c) trigonal prismatic coordination of 1H
configuration. In this structure, the Mo atoms has
octahedral coordation with the S atoms, with the
upper S atoms offset to the lower S atoms, almost
as if rotated in plane by 60 degrees relative to the
opposite layer.

Figure 5.1: Diagrams of 1H and 1T configurations of MoS5.
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(a) 1H — MoS; bandgap diagram showing trend in changes (b) S17 — MoS, band gap diagram
of band gap depending on numbers of monolayers. a) is depicting overlap between upper and
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Figure 5.2: Bandgap diagrams for 1H and 1T configurations of MoS,

a finite band gap that varies from indirect to direct as the number of monolayers within the
structure decreases to a single monolayer, between the filled d» and the empty d,» —d,» and
dyy bands; this is depicted in Figure 5.2a [18, 108].

1T MoS,

This is the tetragonal structure of MoS, with octahedral coordination, seen in Figure 5.1b
and is the second most common configuration found. Typical monolayer growth methods
such as mechanical exfoliation produce a low proportion of this conformer relative to the 1H
form[107]. One method these involves oxidation of regular 1H — MoS,, progressing through
3 polymorphs as it does so: a x 2a, 2a x 2a, then finally, v/3a x v/3a. This suggests a distinct
variability in the physical, thus electronic properties, with potential for tuning with adjusted
growth parameter. 17 — MoS; has tetragonal structure with lattice parameters a = 5.60 A,
and ¢ = 5.99 A[18, 110], and vastly differing electronic properties from the 2H configuration
owing to its Fermi level lying within its dyy, dy;, dx; giving it its metallic nature, with overlap-
ping conduction and valence bands at Fermi level, as seen in Figure 5.2b. This conformer
has its own range of potential uses including: electrochemical reactions, photoelectrocataly-

sis, photodetectors, and energy storage devices [111].

5.1.3 Synthesis of MoS,

MoS, layers only undergo van der Waals bonding between one another, thus mechanical ex-
foliation, similar to that used in Graphene, is commonly used to synthesise flake samples
of monolayer MoS2 [82]. Alternatively, liquid phase exfoliation, hydrothermal/solvothermal
methods, and commonly CVD are often also utilised for synthesis [106]. In this study growth
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was carried out using molecular beam epitaxy (MBE). As for the previously mentioned study
of azupyrene graphene, this is because of its reproducibility as a technique, that allows accu-
rate control over experimental conditions facilitating consistent production of sub-monolayer
samples. Where sub-monolayer refers to incomplete surface coverage by the molecule, typi-
cally between 20 - 80%.

5.1.4 Epitaxial Growth of Mo0S; on Au(111)

This study of MoS, growth on an Au(111) surface was carried out with the purpose of charac-
terising the Moire superstructure resulting from the substrate-overlayer relationship between
the two as described by C. Silva [1]. Whilst both Au(111) and MoS, share a hexagonal
structure, the difference in lattice constants of 2.884 Afor Au(111) and 3.18 Afor MoS, 1H
[112, 113]) leads to a lattice mismatch between the two structures that produces a variation in
registry between the bottom S atoms of the MoS,, and Au(111) surface seen as a corrugation
in the surface [114], similar to that seen in graphene on Cu(111) [92]. Previous studies of
this type of growth have investigated the electronic structure of the material using ARPES,
strongly suggesting, through the inferred band structure, that it produces the 1H conformer of
MoS, [115, 116]. Choice of gold as substrate metal was done with the aim of understanding

the properties of MoS; on gold, a commonly used contact material for electronics.

5.2 Methods

5.2.1 Experimental Details

Preparation and analysis was carried out at the I09 Beamline at Diamond Light Source, UK (P
=2x10"10 mbar), at which XPS, XSW, LEED and PhD were used to study the samples. The
experimental data used in this chapter was acquired before my involvement in the research
at Diamond Light Source, in parallel to a previous study at I09[1]. Similarly, the initial data

processing to acquire the experimental modulations was completed by David A. Duncan.

Preparations were carried out on Au(111) single crystals cleaned using 1.5keV sputtering,
annealed to 873 K, and verified using LEED. MoS, was prepared using following method:
in a preparation chamber, Mo was evaporated with a rate of &~ 0.05 A min~! for 5 min using
an e-beam evaporator (SPECS EBE4 (OAR EGN4)) with the sample at room temperature.
Simultaneously, the sample was exposed to H,S via a LOSE doser with a stainless steel cap-
illary tube of 12 mm diameter ending 20 mm in front of the sample, resulting in a background

pressure of 5 x 10~® mbar. After the evaporation is stopped, the sample was annealed for
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30min at 853 K (843 K) while the exposure to H,S is continued. The exposure then was
stopped directly (5 min) after the heating [1].

The PhD spectra were acquired for the S 1s spectra using a photon energy range of 2522
- 2822 eV whilst the Mo 2p spectra were taken with a photon energy range of 2570-2870 eV.
Fitting of the individual EDCs was carried out using a numerical convolution of a Gaussian

and Lorentzian peak.

The software used to carry out the scattering calculations were those written and developed
by numerous collaborators, including D. P. Woodruff, V. Fritzsche, and the PSO scripts were
written by Dr. David A. Duncan. During attempts to identify structural models for PhD mod-
ulations, 2 primary methods were used: Particle swarm optimisation, as described in Section
3.4.6, and grid searches. Use of the particle swarm optimisation was identified as the most ef-
ficient model optimisation technique for PhD compared to other optimisation techniques[45],
as described in section 3.4.6, and so was used for optimisation of model structures in this
analysis. Grid searches were used understand the the relationship between various structural
parameters with R-factor, although the results of these are only depicted for the 1H hexamer
structure as the results of those for the trimer and 1T hexamer were lost before the writ-
ing of this report. Because of the large computational cost of grid searches, they were only
used for simpler models with low numbers of scattering events. The results of these grid
searches were displayed using various line and colourmap plots for 1D and 2D datasets us-
ing MatLab scripts developed by D. A. Duncan, which were adjusted and debugged for use
in this study. Identified minima were visualised as molecules using VESTA, and their PhD
modulation along with the experimental modulation was plotted using a Python script. The
aforementioned scripts can be provided upon request. All of the PhD scattering calculations,
optimisations, grid searches were ran on the SCARF computer cluster hosted by the Science
Technology and Facilities Council (STFC).

The experimental modulations taken during this study were chosen to have as high ampli-
tude and signal-to-noise ratio as possible. Consequently, particularly for sulfur modulations,
off-normal crystallographic directions and higher polar angle modulations were measured
as its nearest neighbour scatterer would be expected to be the molybdenum atom, which is
30° off-normal emission according to literature values for MoS; structure [102]. Similarly
for molybdenum modulations, the dominant 180 © backscatterer atoms behind Mo would be
expected to be the lower S atoms within literature models of the structure [102, 117], thus
measurements were also taken at the same off-normal crystallographic directions, though

with slightly smaller polar angles.
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5.3 Results & Discussion

5.3.1 Previous Study

As mentioned in the previous section, these measurements were taken in parallel to those
described in another study by Silva et al, investigating the Moire superstructure of MoS; on
Au(111)[1]. The results of which can be summarised as determination of the samples as a
1H configuration of monolayer MoS, with a Moire superstructure seen as corrugation in the

material. This study provided the basis for the models used in the PhD analysis.

5.3.2 Computational Aspects

During the process of attempting structural determination of these MoS, samples using PhD,
various bugs were identified in the underlying PhD scattering calculation code, that of the

PSO, and the scripts involved in reading the data. Briefly, these include:

e Discovery of a memory error that produced a large unrealistic intensity for the first
photoelectron energy data point in the scattering calculation specifically for simulating

2D materials. This led to unrealistic R-factors and was corrected by David A. Duncan.

e Bug identified limiting the shape of the potential file arrays. This required editing of

the gold potential file used in the relevant calculations.

e CPU affinity error during parallel processing using multiple nodes on the SCARF clus-
ter. This prevented two calculations from sharing the same nodes on the cluster, thus

limiting the maximum number of simultaneous calculations being run.

e General adjustments had to be made to the scripts involved in reading the results of

grid searches.

e A script was written in python to interpret the results of the PhD single calculations.

This is available upon request.

5.3.3 Qualitative Analysis

Experimental modulations for the samples of sulfur (S 1s) and molybdenum (Mo 2p) are dis-
played in Figure 5.3 & 5.4, respectively, with columns of modulations labelled by their crys-
tallographic direction <###>, and the polar emission angle with respect to normal emission
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Figure 5.3: Pure PhD modulations for S 1s emission. Polar angle is denoted along the y axis
of each modulation, whilst the azimuthal angle/crystallographic direction is denoted atop the
columns of the plots.
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Figure 5.5: Pure PhD modulations for Mo 2p emission with 40 - 150 eV removed. Polar angle
is denoted along the y axis of each modulation, whilst the azimuthal angle/crystallographic
direction is denoted atop the columns of the plots.

labelled on the left hand side of each modulation. Qualitative analysis of the modulations
themselves can convey some qualitative information of structure. As described in Section
3.4.2, the amplitude and period of a PhD modulation can be indicative of the geometry and

sometimes symmetry of the site at which an emitter exists.

Looking first at the molybdenum modulations, it is clear that there is an additional con-
tribution to the first ~ 150 eV of the modulations, with large changes in amplitude of over 1
over small changes in photoelectron kinetic energy. These large fluctuations are non-periodic
as would be expected for a diffractive contribution, both factors indicating a possibility of
contribution of an XPS feature, such as a transient Auger peak. The presence of these Auger
peaks was noted in the labbook whilst measurements were being taken. Consequently, the
initial region of 40 - 150 eV was removed from experimental molybdenum modulations. This
updated modulation can be seen in Figure 5.5.

Looking next at sulfur modulations, they do not appear to be completely periodic through-
out as well. The amplitude of these modulations are more reasonable than was seen with
sulfur, consequently, one would expect this to be a result of greater dynamical disorder, and
possible existence of multiple emission sites. Removing this region of data for sulfur modu-
lations was therefore not done. These effects could account for the perceived shorter period
modulations for sulfur compared to molybdenum. Generally, there is a larger amplitude

for sulfur modulations compared to molybdenum modulations, this may be the result of the
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a

Figure 5.6: Example rhombohedral unit cell with side lengths a, b, and c, with angles «, f3,
and Y between them. This type of unit cell was used to define the full structure models for
MoS, 1H and 1T, as well as the gold substrate.

scattering cross section of Mo being much higher than that of sulfur, resulting in a larger

modulation for the sulfur modulations involving the Mo backscatterer[118].

5.3.4 Particle swarm optimisation parameters

When carrying out structure optimisations, numerous structural parameters were be opti-
mised alongside some fundamental parameters that are universal for all calculations. One of
these is the inner potential. This refers to the energy barrier that electrons at the Fermi edge
have to overcome to be emitted, this is variable in an experimental system and so it must be
optimised for to acquire the correct modulation shape. Furthermore, a Debye-Waller factor
is used to model the atomic vibrations of the atoms within the structure, this takes the input
of the mean squared vibrational amplitude for each atomic species, which is also included in

the optimisation.

5.3.5 Full Structure with Au(111) Substrate

Building upon the results of the previous study [1], a pure, 1H configuration MoS; sample
could be expected. Furthermore, in literature, 1H and 1T are described as the most common
configurations of MoS,, and so models of these two structures seemed most reasonable[102,
117, 119, 120, 121].

The models for 1T and 1H were based upon literature descriptions of the structure, us-
ing a rhombohedral unit cell, of lattice parameters a, b, and ¢ for side lengths, and ¢, 3, and
v for the angles between them. An example rhombohedral unit cell can be seen in Figure 5.6.
To allow for variance of the structure, there was freedom around the literature values for these
parameters; for 1H, a = b = 3.24 A[119], and ¢ = 3.18 A[120] for 1T, a = b = 3.18 A[121],
alongside the height of each layer, cartesian position of Mo atom, with the general parameters

stated in the previous sections. Note, angles ¢, and y were restricted at 90 degrees.
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Figure 5.7: PSO optimised structure of 1H full structure on Au(111) substrate from different
perspectives: a) Vertical, b) Side

R = 0.82 | Literature Values[119, 120, 121]
Model IH | 1T

a(A) | 3.45 | 3.24[119] 3.18[121]

b(A) | 3.33 |3.24[119] 3.18[121]

c(A) | 322 |3.18[119] N/A

BC) | 81 60 [117] 60 [117]

Table 5.1: Table of model parameters from optimisation of PhD modulations of full structure
1H on Au(111) compared to literature values from various sources. No literature parameters
are of MoS$; on gold(111) substrate.

The result of PSO of these structures was a low correlation. To provide an example, the
results for the 1H model are displayed. The optimised modulations for the 1H structure can
be seen in Figure 5.8, whilst the optimised structure can be seen in Figure 5.7, with tabu-
lated results of lattice parameters listed in table 5.1. It is clear from visual analysis of the
modulations that there is limited correlation between theoretical and experimental data. This
is confirmed by the high R-factor of 0.82, indicating minimal correlation of the model with

the data. For the remaining models, the modulations will only be listed in the appendices.

The source of this lack of correlation despite the structure could have been a number of
issues with the model. One of these may relate to not modelling the corrugation of the MoS,
with the Au(111) surface. For this to be computed, a method of modelling the corrugation

would need to be developed, as well as a much larger supercell to include all possible sites
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Figure 5.8: PhD modulations of PSO optimised structure of 1H full structure on Au(111)
substrate overlayed onto experimental modulations of S (yellow) and Mo (blue) at varying
polar angle (y label) and crystallographic direction (x label).

of MoS, on the Au(111) surface. The scattering calculations to do so would be substantially
more computationally expensive to simulate and optimise. Consequently, modelling this var-

ied registry was not attempted.

An alternative approach to avoid the inclusion of this registry was to bypass the gold
entirely. To do so, one would have to consider the dependence of the PhD simulation on
the gold surface. In the case of sulfur modulations, S 1s modulation would primarily be
dominated by the 180 ° backscattering from nearest neighbours. Whilst this would primarily
be dependent on alignment of upper S atoms with Mo atoms, one would expect a notable
contribution from scattering of lower S emission by the gold substrate. For the molybdenum,
however, this 180 degree backscatterer is the lower S atoms, with the gold substrate being
several Angstrom below. These assumptions would suggest that the PhD modulations of from
S 1s emission would require inclusion of gold within the model. Mo modulations would be
less likely to be impacted by removing gold from the model. Consequently, the following
models excluded the gold substrate from the model and consequently use the molybdenum

modulations in their calculations.

5.3.6 1T and 1H Full structure without Au(111) substrates

Subsequent models optimised using Mo modulations only, with the gold substrate removed
were attempted. The resulting optimised modulations are listed in Appendix A.1 & A.2 for
1H and 1T, respectively. The optimised structures are shown in Figure 5.9a & 5.9b, with the

resulting structural parameters tabulated in table 5.2 & 5.3.



CHAPTER 5. PHD STRUCTURE DETERMINATION OF MOS,; ON AU(111) 84

a) O )
G (\‘j O a) 7 Q
9 o N QC_0C_J0C_ 0
N Y G O O | [ )
0 e | Q020 J0C_ O
Y 9 o o

<’ { O &0 e 90
o~ A . y O
| >0’ | S
b 0 o o 0 ») b) O O O O 0
\ ) 9 . o
_._1_>, C‘f> QC ﬁo Y'é d L} { o¢ <>¢ <>¢ oﬁ Q

(a) PSO optimised structure of 1H full structure  (b) PSO optimised structure of 1T full structure
from different perspectives: a) Vertical, b) Side. from different perspectives: a) Vertical, b) Side.

Figure 5.9: Optimised full structures of 1T and 1H configurations of MoS;

R = 0.75 | Literature Values[119, 120, 121]
Model IH | 1T

a(A) | 3.19 | 3.24[119] 3.18[121]

b(A) | 3.19 |3.24[119] 3.18[121]

c(A) | 3.44 | 3.18[119] N/A

BC) | 8 | 60[117] 60 [117]

Table 5.2: Table of model parameters from optimisation of PhD modulations of full structure
1H compared to literature values from various sources. No literature parameters are of MoS,
on gold(111) substrate.

Compared to the Gold model, there was an improvement in correlation for the IH and 1T
models, conveyed by the lower R-factors of 0.75 for 1H and 0.77 for 1T. For both models, the
resulting R-factor was still particularly large, indicative of an incomplete model, disagreeing
with the results of the previous study [1]. Furthermore, the optimised structures produced
are different from the literature structures, particularly for 1H[102, 117]. The 1T structure is

closer to what is expected by literature[121] though the weak correlation invalidates this.

As this large structure model did not produce clear correlation, and a more complex
method of varying registry was not available, the decision was made to build the model
from the base up. This involved designing a simple model to imitate the full structures, but
isolating the fundamental scattering events that underpin the PhD modulation. The result-
ing modulations from these calculations can still fit data very well as, the skeleton of a PhD

modulation is dominated by the nearest neighbour scattering events, as described in Section
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R= 0.77 | Literature Values[119, 120, 121]
Model IH | 1T

a(A) | 3.43 | 3.24[119] 3.18[121]

b(A) | 343 |3.24[119] 3.18[121]

c(A) | 3.19 | 3.18[119] N/A

a) | 90 | 90[117] 90 [117]

B | 72 | 60[117] 60 [117]

y©) | 90 | 90[117] 90 [117]
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Table 5.3: Table of model parameters from optimisation of PhD modulations of full structure
1T compared to literature values from various sources. No literature parameters are of MoS>

on gold(111) substrate.

Z

Figure 5.10: Diagram of trimer model, along with key parameters of the model: Upper sulfur
bond length, R, lower sulfur bond length, R;, and bond angle, 6.

34.2.

5.3.7 Simple Model - Trimer

The trimer model was developed as the simplest model to imitate any MoS; structure, in-

volving less than 10 scattering events of Mo-S and Mo-S-S interactions. The trimer structure

was based around the central Mo atom, and 1 of the upper and lower S atoms coordinated

to it, as the other 4 S atoms are equivalent through symmetry. The model itself was built

upon a spherical coordinate system centred around the origin of the Mo atom, and 2 S atoms

restricted to upper and lower hemispheres, with complete freedom in angle and bond length

within reasonable limits. This model is depicted in Figure 5.10.
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Figure 5.11: PSO optimised structure of trimer model from different perspectives a) Rear, b)
Vertical, ¢) Side

R= 0.62 | Literature Values[102]
Model 1H
Upper Bond Length (A) | 2.27 2.42[102]
Lower Bond Length (A) 2.23 2.42[102]
Bond Angle (°) 115 120[102]

Table 5.4: Table of model parameters from optimisation of PhD modulations of trimers com-
pared to literature values from various sources. No literature parameters are of MoS, on
gold(111) substrate.

The trimer model produced a substantial reduction in R-factor from the full structures,
modelling the backbone of the experimental modulations more accurately, as seen in Ap-
pendix A.3, with resulting structure parameters tabulated in table 5.4, and depicted in Figure
5.11. Accompanying the improved correlation were bond lengths nearer that of literature for
both 1T and 1H structures[102].

Some inferences could be made from the resulting structure, particularly the staggered
nature of the two S atoms. In the 1H configuration, one would expect vertical stacking of
the two S atoms, aligned with the z axis, however, this is clearly not the case, indicating
that either the structure is not 1H as predicted in the previous study [1], or that the structure
is not flat. This would support the idea of the corrugated Moire superstructure with a vari-
able registry[1]. Despite this notable improvement in correlation, the simplicity of the trimer
structure cannot reveal the full identity of the MoS; structure configuration, only confirming
the rough shape and bond lengths of the base unit of the MoS; structure. To do so a more
complex model would be required, involving more atoms, and modelling the Mo-Mo scatter-

ing events.
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Figure 5.12: Diagram of hexamer 1H model, with perspectives from the a) Z axis (Vertical),
b) Y axis (Side), and c) X axis (End), denoting key parameters of the model.

5.3.8 Hexamers

The solution to a slightly more complex model was a 6 atom hexamer structure composed
of 2 Mo atoms and 4 S atoms in, a mirrored trimer configuration, the model originates from
a small section of the 1T and 1H full structures containing two adjacent trimers, outlined in
Appendix A.6 & A.7. The purpose of this model was to introduce more complex scattering
events with between neighbouring trimers, in particular, it reintroduces the Mo-Mo scattering
event, which would be expected to have a substantial impact due to the strong scattering cross
section of Mo[118]. Models of the structures can be seen in Figure 5.12 for 1H, and Figure
5.17 for IT.

1H configuration

The structure of the 1H hexamer model is shown in Figure 5.12. The PSO optimised structure
is shown in Figure 5.13, with resulting parameters tabulated in table 5.5. The raw modula-
tions can be found in Appendix A.4. There is a clear further improvement in R-Factor with a
new lowest value of 0.51, showing best correlation so far with the experimental modulations.
Comparing model parameters to literature, bond lengths are much closer to literature than that
of the trimer model, however, the bond angle acquired is significantly larger than expected at

176 ° compared to the expected 120 °, furthermore, the Mo - Mo separation, which one would



CHAPTER 5. PHD STRUCTURE DETERMINATION OF MOS,; ON AU(111) 88

-~

or 0 b <

Figure 5.13: PSO optimised structure of 1H hexamer structure from different perspectives:
a) End, b) Side, ¢) Vertical.

R = 0.51 | Literature Values[102]
Model 1H
Upper Bond Length (A) 2.38 2.42[102]
Lower Bond Length (A) 2.35 2.42[102]
Bond Angle (°) 176 120[102]
Mo - Mo Separation (A) 3.34 3.18[102]

Table 5.5: Table of model parameters from optimisation of PhD modulations of 1H hexamer
compared to literature values from various sources. No literature parameters are of MoS, on
gold(111) substrate.

expect to be analog with the unit cell length, is larger than expected at 3.34 Acompared to
3.18 A. This pairing of lower R-Factor with unrealistic structural parameters is indicative of
the model not representing the motifs present in the true system; essentially that the model
is too simplistic. Subsequently, an equivalent hexamer was developed to model the 1T struc-

ture, with results outlined in the next section.

Calculating the PhD modulations for the hexamer structures was quick as a result of their
low number of scattering interactions. Thus the use of grid searches are not so computation-
ally expensive, therfore feasible for the structure. The first of these being the relationship
being between upper and lower S angles with R-factor, depicted in a 2D colourmap in Figure
5.14. This image shows a clear minimum at angles for upper and lower S atoms of 96 °, and
280 °, respectively, thus a bond angle of 174 °. This is far larger than the literature value of
120 °, suggesting a large inaccuracy within the model. Similarly to Figure 5.15, there is a
much more prominent dependence on the lower S angle, over the upper S angle, reminding
us of the greater dominance of backscatterer positioning on resulting modulation. This grid
search could have benefitted from calculations involving sulfur data, which, despite likely re-

sulting in higher R-factors, might have probed the position of the upper S atoms to a greater
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extent due to the sulfur modulation having a large dependence on Mo backscatterer with up-
per S geometry. Plots of dependence of individual upper S and lower S angle passing through

the minimum of the 2D colourmap can be found in Appendix A.11 & A.10, respectively.

The second of these grid searches measured the relationship being between upper and
lower S radius with R-factor, depicted in a 2D colourmap in Figure 5.15. This image shows
a minima for radius of upper and lower S atoms of 1.66 Aand 1.70 A, respectively, which cor-
respond to bond lengths of 2.38 Aand 2.35 A. These are smaller than measured and predicted
by literature value of 2.43 Afor both 1T and 1H confi gurations[102]. The resulting minimum
in this grid search therefore lies away from literature values., once more indicating an incom-
plete model. Similarly to the previous image, this image also conveys a greater dominance
of the lower S radius on R-factor compared to that of the upper S. Again, highlighting the
dominance of the 180 ° backscattering on the resulting PhD modulation, as the lower S atom
is closer to this geometry than the upper S. Additionally, inclusion of sulfur data within these
calculations could have increased the dependence on upper S position, and predicted it more
accurately, to give more realistic bond lengths for Upper S atoms. Plots of dependence of
individual upper S and lower S radius passing through the minimum of the 2D colourmap

can be found in Appendix A.9 & A.8, respectively.

The final relevant grid search completed for this structure was a 1D scan of Mo-Mo sep-
aration with respect to R-factor, seen in Figure 5.16. This revealed a simple relationship
between the Mo - Mo separation and R-Factor, with a strong dependence on the parameter
that is unsurprising considering the large scattering cross section of Mo [118]. There exists
a distinct minima in Mo - Mo separation of 3.30 Awhich is similar to that identified by the
PSO, of 3.34 A.

1T Configuration

The structure of the 1T hexamer is shown in Figure 5.17. This structure was optimised us-
ing PSO, producing the resulting structure seen in Figure 5.18, with parameters tabulated in
table 5.6. The PhD modulations of this structure can be found in Appendix A.S. Similar to
the 1H hexamer model, there is also a substantial improvement in R-Factor, though slightly
higher than that of 1H at 0.56. Intriguingly, the optimised structural parameters for the 1T
structure are much closer to those of literature than 1H. The upper and lower S bond lengths
of 2.47 Aand 2.49 Aare close to the literature value of 2.42 A[IOZ], and the bond angle of
145 ° which is much closer than that of 1H, although still far from the literature value of
120 °. Finally, the Mo - Mo separation of 3.17 Ais matching that of literature of 3.18 A. This
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Figure 5.14: 2D colour map of R-factors for angles of upper and lower S atoms for the 1H
hexamer model, where theta of the upper S atom is 8, and for the lower S atom, 6,, in the 1H
hexamer model diagram of Figure 5.12. 2D slices at the minimum R-factor of the two angles
can be found in the Appendix. The other parameters for this model were that of the PSO
optimised values including: a Mo-Mo separation of 3.34 A, and bond lengths of 1.70 Aand
1.66 Afor lower and upper sulfurs, respectively
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Figure 5.15: 2D colour map of R-factors for radii of upper and lower S atoms for the 1H
hexamer model, where the radii for the upper S is R;, and the lower S R, in the hexamer
model diagram of Figure 5.12. 2D slices at the minimum R-factor of the two radii can be
found in the Appendix. The other parameters for this model were that of the PSO optimised
values including: a Mo - Mo separation of 3.34 A, and a bond angle of 174°.
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Figure 5.16: Plot of R-Factor with respect to Mo - Mo separation for the 1H hexamer
model, where Mo-Mo separation is AMo in the hexamer model diagram of Figure 5.12. The
other parameters for this model were a bond angle of 174 °, and bond lengths of 1.70 Aand
1.66 Afor lower and upper sulfurs, respectively
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Figure 5.17: Diagram of hexamer 1T model, with perspectives from the a) Z axis (Vertical),
b) Y axis (Side), and c) X axis (End), denoting key parameters of the model.
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Figure 5.18: PSO optimised structure of 1T hexamer structure from different perspectives: a)
End, b) Side, c) Vertical.

R = 0.56 | Literature Values[102]
Model 1H
Upper Bond Length (A) | 2.47 2.42[102]
Lower Bond Length (A) | 2.49 2.42[102]
Bond Angle (°) 145 120[102]
Mo - Mo Separation (A) 3.17 3.18[102]

Table 5.6: Table of model parameters from optimisation of PhD modulations of 1T hexamer
compared to literature values from various sources. No literature parameters are of MoS, on
gold(111) substrate.

better match of structural parameters with literature is promising when paired with the near-

equivalently low R-factor of the 1T.

Despite the better match of 1T, the R-factors of both hexamer models are much larger than
one would desire for a good model of an experimental structure, particularly if the inherent
structure of the experimental system was matching one of the two. This is likely a result of
insufficient modelling of the experimental system, suggesting the system is not of 1H or 1T
individually, but feasibly a heterostructure including those two alongwith other intermediate

or meta stable configurations that could exist between them[107, 122]

5.3.9 Conclusions

The results of this PhD structural determination of MoS, on Au(111) were not able to iden-
tify the configuration of the structure, due to insufficient correlation, with a lowest achieved
R-Factor of 0.51 for the 1H Hexamer structure. However, this study highlighted the lack of
a key aspect from the aforementioned models, preventing the strong correlation with exper-
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imental PhD modulations. The next steps would be to identify the missing features of these

models, of which there are several possibilities outlined below.

Whilst unlikely due to the weak scattering cross section of Gold [118] and several Angstrom
separation between Mo and Au surface, it is possible that that the model was limited by the
exclusion of gold, despite only considering molybdenum modulations. It is also worth con-
sidering that solving the structure using only molybdenum modulations may not have been
entirely reliable due to their weak dependence on the upper S layer, as highlighted in the
1H hexamer grid searches. Reinclusion of sulfur modulations into these calculations may
be able to compensate for this, due to their dependence on S positioning, in general. This
would require inclusion of the Au(111) surface within the model. In either case, the missing
feature in the models attempted in this study be the lack of modelling the variable registry of
the Moire structure predicted in the previous study of these MoS, samples[1]. To do so, one
could predict various common corrugation structures, for example, a sinusoidal oscillation in
height, varying equally in both x and y, with amplitude defined by a small number of param-
eters. Another possible method of modelling this variable registry would be to carry out an
incoherent average of the calculated modulation over several different heights using the same

feature in the PhD software that is used to averaging over the symmetries of a system.

As mentioned previously, the 1H and 1T configurations of MoS, are those most com-
monly found in literature. It is, however, possible that a MoS; sample is made up a het-
erostructure of various different configurations of MoS,, as has been seen before between
the 1T and 1H structures before [107]. There also exists several configurations of MoS;, in-
cluding metastable states theorised using DFT calculations[122]. What may be more likely
is that the structure is a combination of the various configurations structures, not only across
the entire surface, but perhaps even distributed across the various sites within the supercell
of MoS; on Au(111) depending on the strength of interaction with the surface at the sites.
Modelling these structures could be done using the incoherent averaging function over the
modulations produced by the different structures. These may also require a dominance factor

to control the quantity and contribution of each of different structural configurations to the .

Described in this chapter were one of the first attempts of modelling a 2D material using
PhD, only being preceded by a study of an h-BN sheet on rhodium(111) [123] which, aside
from the substantial differences between the two materials, is also inherently a different type
of 2D material; being 1 atom thick as opposed to the 3 atoms composing an MoS, sheet.
Generally, PhD has been used to solve molecules adsorbed on surfaces. Consequently, un-
derstanding around solving these structures is minimal, and some valuable information for

successful modelling of the structure are not available, as with molecular studies using the
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technique. This study has provided a greater understanding of the limitations of the PhD
optimisation software, but also the provided insight into potential improvements and features
that could be added to the software in future, to allow easier modelling of 2D materials, for
example, mechanisms to model corrugation in structure, or different orientations of sheets. If
the technique were developed further, use of PhD to study 2D materials could be extremely
valuable to the study of 2D materials, thanks to its ability to determine internal structural pa-
rameters of surfaces, to a high degree of accuracy, whilst bypassing convolutions of structure
seen when studying the structures of materials using other popular surface techniques, such
as STM.

General next steps in the study of this data would be to explore more exotic possibilities
for the model. The relatively high R-factors even for the best models produced, suggest a
major difference in structure, perhaps relating to orientation, registry, or even configuration.
Furthermore, a broader optimisation of the structure may help identify this, with fewer struc-
tural restrictions as it appears that the current structures and constraints do not match the
reality of the system. In future, solving this structure could prove to be a promising novel use
of PhD for structural determination of a 2D system, expanding possibilities of it as a valu-
able technique for study of 2D materials, with the ability to probe the underlying structure of
often materials. Furthermore, to identify the composition of these MoS, samples may reveal
a valuable insight into the true structure of the material. If the aforementioned theories of
a complex heterostructure is found to be true, then this would provide a previously unseen

perspective on this modern material.
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PhD Modulation Amplitude v Photoelectron Kinetic Energy (eV)

<211> <110>
0.6 06 06
x
03 03 % X 03
o —0.0 o 0.0 . o —0.0
% X
-03 034 % -0.3
-0.6 -0.6 -0.6
40 90 140 190 240 290 340 40 90 140 /190 240 290 340 40 90 140 190 240 290 340
x
X
v
x X x
8
B
x
40 90 140 190 240 290 340 40 90 140 190 240 290 340 40 90 140 190 240 290 340
0.6 06 06
0.3 0.3 x 03 « o
- X X - ) « X 33 o TR K
o 0.0 o -0.0 % x “ o -0.0 S VAR
~ x = x Xx bl — X x
8 i 03 4 03] g )
-03 — 3 —
% L x
06 X 06 06
40 90 140 190 240 290 340 40 90 140 190 240 290 340 40 90 140 190 240 290 340
0.6 06
x
x x
031 * . 03] L x¥
o % Experimental o * x
o —00 \*% e N -0.0 N
M Model ~N e R
% %X X%
—034 xx  x 0.3
x
-0.6 -0.6
40 90 140 190 240 290 340 40 90 140 190 240 290 340

Figure A.1: PhD modulations of PSO optimised structure of 1H full structure overlayed
onto experimental modulations of molybdenum at varying polar angle (y label) and crystal-
lographic direction (x label).
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PhD Modulation Amplitude v Photoelectron Kinetic Energy (eV)
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Figure A.2: PhD modulations of PSO optimised structure of 1T full structure overlayed onto
experimental modulations of molybdenum at varying polar angle (y label) and crystallo-
graphic direction (x label).
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Figure A.3: PhD modulations of PSO optimised structure of the MoS, trimer overlayed onto
experimental modulations of molybdenum at varying polar angle (y label) and crystallo-
graphic direction (x label).
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PhD Modulation Amplitude v Photoelectron Kinetic Energy (eV)
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Figure A.4: PhD modulations of PSO optimised structure of 1H hexamer overlayed onto ex-
perimental modulations of molybdenum at varying polar angle (y label) and crystallographic
direction (x label).

PhD Modulation Amplitude v Photoelectron Kinetic Energy (eV)
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Figure A.5: PhD modulations of PSO optimised structure of 1T hexamer overlayed onto ex-
perimental modulations of molybdenum at varying polar angle (y label) and crystallographic
direction (x label).
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Figure A.6: Diagram showing the section of the 1H full structure that is modelled by the 1H
hexamer
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Figure A.7: Diagram showing the section of the 1T full structure that is modelled by the 1T
hexamer
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Figure A.8: Plot of R-Factor with respect to lower S radius for the 1H hexamer model, where
S lower radius is R, within the hexamer model diagram of Figure 5.12. The other parameters
for this model were a bond angle of 174 °, a Mo - Mo separation of 3.34 A, and a bond length
of 1.70 Afor upper sulfurs.
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Figure A.9: Plot of R-Factor with respect to upper S radius for the 1H hexamer model, where
S lower radius is R, within the hexamer model diagram of Figure 5.12. The other parameters
for this model were a bond angle of 174 °, a Mo - Mo separation of 3.34 A, and a bond length
of 1.66 Afor lower sulfurs.
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Figure A.10: Plot of R-Factor with respect to lower S angle for the 1H hexamer model, where
theta lower is 8, within the hexamer model diagram of Figure 5.12. The other parameters for
this model were a upper S angle of 95°, a Mo - Mo separation of 3.34 A, and a bond length
of 1.66 Afor lower sulfurs.
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Figure A.11: Plot of R-Factor with respect to upper S angle for the 1H hexamer model, where
theta upper is 0; within the hexamer model diagram of Figure 5.12. The other parameters
for this model were a lower S angle of 280°, a Mo - Mo separation of 3.34 A, and a bond
length of 1.66 Afor lower sulfurs.
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