LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



Precise Modification of 2D Materials by Gas
Ion Beams

A thesis submitted in fulfilment of the requirements for the degree of Doctor

of Philosophy in the

SCHOOL OF PHYSICS

TRINITY COLLEGE DUBLIN

September 2017

Author Superuvisor
Pierce MAGUIRE Prof. Hongzhou ZHANG



i

TRINITY LIBRARY
05 APR 2018
DUBLIN

A £ \\\
/‘\‘ \(\VL‘,\ > \



Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or any

other university and it is entirely my own work.

I agree to deposit this thesis in the university’s open access institutional repository or
allow the library to do so on my behalf, subject to Irish copyright legislation and Trinity

College Library conditions of use and acknowledgement.

Elements of this work that have been carried out jointly with others or by collaborators

have been duly acknowledged.

I have read and I understand the plagiarism provisions in the G eneral Regulations of the

University Calendar for the current year, found at: http://www.tcd.ie/calendar.

I have also completed the online tutorial on avoiding plagiarism “Ready, Steady, Write”,

located at http://tcd-ie.libguides.com/plagiarism /ready-steady-write.

iii



Declaration

v



Abstract

Precise Modification of 2D Materials by Gas Ion Beams

Pierce Maguire

Precise modification of the geometry, stoichiometry and crystal structure of two di-
mensional (2D) materials will be instrumental in future nanodevice fabrication. Here, ion
beams focused to a sub-nanometre scale have been demonstrated to modify the electri-
cal and optical properties of graphene and molybdenum disulphide (MoS32). Nanopores
with sub-5 nm diameters were fabricated in graphene using a nitrogen gas-etching process
moderated by an electron beam. A diffusion-based model was developed to quantify and
illuminate the process. Defect-engineering was performed in graphene with a high level of
precision by irradiation with He* and Ne*. Separately the defect-engineering process was
expanded for monolayer MoSs. Irradiation was also used to fabricate nanostructures with
nanometre scale widths, to tune stoichiometry and to alter resistivity. Imaging using high
resolution transmission electron microscopy demonstrated high quality He* ion fabricated
nanoribbons of ~7 nm and amorphous nanoribbons of ~1 nm. Finally, the effect of defects
and heating parameters on the oxidation of MoS; in air were explored, and the reaction

was found to be substantially moderated through ion-induced defects.
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Chapter 1
Introduction

WO dimensional materials were brought to global attention by Geim and Novoselov
T in 2004, who would later share the 2010 Nobel Prize in Physics for their work on
graphene [1]. The structure of graphene was first discussed by Wallace as early as 1947
and its name was coined by Boehm et al. in 1994 [2-4]. Geim and Novoselov succeeded
in isolating, visualising and characterising this material of single atom thickness from
graphite.

The extraordinary properties of graphene are now well-documented and are in large
part responsible for stimulating the discovery of a wide variety of 2D materials and related
research methodologies under investigation today [5, 6]. The extraordinary properties and
tunability of 2D materials have been repeatedly demonstrated, heralding a new era of
materials science |1, 6]. The physical properties of 2D materials are highly distinguished
with respect to their bulk counterparts due to the evolution of their band structure with
layer number [5-9]. MoS; for instance, is a quintessential transition metal dichalcogenide
(TMD) which has an indirect band gap in the multi-layer system and a direct band gap
in the monolayer. This allows a vast enhancement in radiative recombination, essential
for the use of a material in optoelectonic devices such as thin film photodetectors [10-12].
Proposed applications of 2D materials are in fields as diverse as photonics, electronics and
composites [13, 14].

The challenges faced in technological progress are myriad, and 2D materials will be
critical to disrupting many existing technologies. For instance, continuity of Moore’s law

will shortly require the downsizing of transistors in computational devices to a scale of sin-
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gle digit nanometres. Bulk silicon, the incumbent material in this field for many decades,
is expected to be unable to reach the smallest possible size range and still maintain perfor-
mance due to severe short channel effects [15]. If Moore’s law is to continue, it appears at
this juncture that enabling technologies may have to incorporate the extraordinary family
of 2D materials. However, given their diminutive scale a host of novel fabrication method-
ologies must be employed for these materials to become functional devices. Fabrication
technologies must produce future-devices while also achieving acceptable throughput and
cost-effectiveness. Nanometre-scale tuning of behaviour must also be accompanied by
minimal structural damage. Other challenges regarding the material properties include
opening and controlling band gaps (for example in zero band gap graphene) and control-
ling doping states (for example achieving p-type doping of MoS3) while maintaining high
mobility [6, 16].

The alteration of nanoscale geometry and the introduction of structural defects or
strain to these materials are already well established for the purposes of modulating their
electronic and optical properties [17-21|. Density functional theory (DFT) studies have
shown that MoSs nanoribbons with widths of ~3 nm (within the quantum confinement
regime) have extraordinary physical properties. For example, MoS9 nano-ribbons termi-
nated with an armchair edge are non-magnetic direct band gap semiconductors while those
terminated with a zigzag edge are half-metallic [17, 22].

Both DFT simulations which incorporate defects and strain and experiments involv-
ing defect-engineering have demonstrated that defects profoundly alter the electrical and
optical properties (such as conductivity) of 2D materials [18-21]. Ion irradiation has an
illustrious record over many decades in the scalable, precise defect-engineering of materials
[23]. Tons have been used historically to control doping by implantation and to introduce
precise quantities of defects, albeit with little spatial control without expensive masking
[24]. More recently, a variety of ion energies and species have been used in the doping
and defect-engineering of 2D materials [25-29]. Low energy phosphorus implantation was
used to create p-type devices made with few-layer (5-10 layers) MoS; [25]. Many studies
have used Raman spectroscopy to correlate a range of ion species, doses and energies to
the defect engineering of 2D materials [26-29].

The demands of modern semiconductor technology are such that precise nanoscale

control of 2D material properties is much sought after. However, scalable nanofabrication



methods to produce such structures remain elusive. To date, many chemical and physical
methods have been used to produce MoSs nanostructures with a desired geometry. These
approaches have produced nanoribbons that were either polycrystalline or too wide (>10
nm) [30, 31]. Direct fabrication of MoS; nanoribbons down to 0.44 nm has been reported
in a transmission electron microscope (TEM) [32]| although the composition and phase
of these structures is the subject of continued discussion [33|. This is also an impracti-
cal fabrication approach due to its requirement of a freestanding sample, its low rate of
milling, lack of scalability, and its expense. A Ga* focused ion beam (FIB) can sputter
surface atoms and introduce nanoscale modification effectively with its ~5 nm probe [34].
However, a non-metallic ion species and a sub-nanometre probe size are required for the
high resolution machining of semiconducting devices.

Recently, ion microscopes using a gas field ion source (GFIS) have made these goals
eminently achievable due to their sub-nanometre resolution and relatively high throughput
[35-40]. Given the superlative confinement of 2D materials in their out-of-plane direction,
it is possible to restrict the ion-induced interaction in this direction to their exceptionally
small thickness. Ion irradiation can be used to perform a wide range of alterations beyond
introducing defects and sputtering. He* irradiation of graphene encapsulated in hexagonal
boron nitride has been used to introduce n-type doping [41]. Such methods have been used
to create nanoribbons with widths of less than 10 nm [37]. However before my thesis there
has been little effort to evaluate the quality of the crystal structure of the remaining
material [35].

Compromises and challenges remain in balancing resolution, precision, sample contam-
ination and throughput. Amorphisation of material around the desired irradiated region
is one such issue due to the non-zero probe size of the beam. Ion beam-induced deposition
is another problem, particularly in specimens which are not perfectly clean. Given the
pivotal importance of defect-engineering and nanofabrication methods in the materials
science of today, it is imperative that the effects of these ion beam fabrication methods on
2D materials be well understood.

This thesis will investigate the properties of the 2D materials graphene and MoS,
as modified by the incidence of gas ion beams, utilising both broad and highly focused
beams. Irradiation methods will be related to both defect number (or inter-defect dis-

tance) and size as well as position i.e. the spread of introduced defects from the point of
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incidence. This must be achieved while minimising undesirable secondary effects such as
beam-induced deposition and unintentional amorphisation. Furthermore, the developed
strategies will be used to manufacture extremely small nanostructures (with dimensions
less than 10 nm) and alter the physical and chemical propertie quantifiably. This will

facilitate applications of such methods and materials in optoelectronic devices.

1.1 Outline of the Thesis

Chapter 1 features the introduction to the thesis and this outline. Chapter 2 serves as a
more general discussion of the 2D materials graphene and MoS7 and their properties with
a particular focus on their Raman spectra. Chapter 3 introduces the key modification
methods used in this work, namely: nitrogen etching of graphene moderated by electron
beam; He' and Ne™ irradiation; and the chemical reaction of MoS» in air. Chapter 4 fea-
tures the key methods by which changes in the properties of these materials are quantified,
such as Raman spectroscopy, energy dispersive x-ray spectroscopy (EDX) and microscopy
methods, such as TEM and scanning electron microscopy (SEM).

Chapter 5 is the first of the experimental chapters, which report the experiments and
findings of this thesis. Chapter 5 is based entirely on two published articles: the com-
plete paper reference [42] and part of the paper reference [43]. The chapter features
graphene and is comprised of two distinct sections. The first section involves the nanome-
tre scale etching of pits in graphene through nitrogen-assisted electron beam irradiation.
A diffusion-based model was constructed to explain the growth of the nanopores and pa-
rameters were optimised for creating small, reproducible nanopores. The second features
the defect-engineering of graphene by irradiation with energetic beams of He* and Ne*
and quantification using Raman spectroscopy. With the basics of ion irradiation now es-
tablished in a simple and well-studied material system, it was then decided to expand the
study to MoSs.

Chapter 6 is an exploration of a range of irradiation methods and their effects on MoS o
with a range of layer numbers. These changes include geometric, structural, stoichiometric
and electrical alterations. Precise defect-engineering of monolayer MoS o using established
models is presented, and the fabrication of nanoribbons on a nanometre scale is reported.

Chapter 6 features the remainder of the paper reference [43] which details the defect-
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engineering of MoS, again using He* and Ne* and quantified using Raman spectroscopy.
This chapter also includes essentially the entirety of the paper reference [37] showing the
changing stoichiometry, Raman spectra and electrical properties of MoSs caused by He™*
irradiation. From that paper, the manufacturing of MoS9 nanoribbons is also detailed.
Presently unpublished work is also included on the low frequency Raman modes of bilayer
MoSs. This section is in preparation for publication as the paper listed as number 17 in
the Research Output section |37, 43].

Chapter 7 shows how ion irradiation can be used to moderate the chemical behaviour of
MoSs. Existing knowledge of oxidation behaviour in air has been expanded and proposals
for devices are made. Chapter 7 contains only work awaiting publication with the addition
of further data including electrical measurements. That work is listed under the paper
numbered 18 in the research output section.

Chapter 8 will provide a brief summary of the findings of this work and an outlook for

future developments.
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Chapter 2
Materials

N this chapter the two materials upon which this thesis is focused are discussed. Both
I graphene and MoSy are 2D materials which exhibit unusual and extraordinary proper-
ties due to their nanosized proportions. Quantum confinement leads to substantial differ-
ences in electronic band structure compared to bulk counterparts and the high surface-to-
volume ratio of such materials causes further departure in behaviour. There is a particular
focus in this chapter on the Raman spectra of these two materials as Raman spectroscopy

will be used extensively in this thesis.

2.1 Graphene

Graphene consists of a single layer of sp? hybridised carbon atoms in a honeycomb lattice
[1, 5]. A high resolution high angle annular dark field (HAADF) scanning transmission
electron microscope (STEM) image of the hexagonal structure is shown in figure 2.1(a)
[44]. Graphene exhibits supremacy in mechanical properties (Young’s modulus of 1 TPa,
intrinsic strength of 130 GPa), charge-carrier mobility (2.5 cm? V=1 s71), sustainable
electric current density (a million times higher than copper) and thermal conductivity
(above 3,000 WmK) [1, 6, 46-49].

Graphene’s properties imbue it with the potential to displace or enhance existing ma-
terials in many fields. Some of the most promising applications of graphene include: as
electrodes in supercapacitors for energy storage due to its surface area and mobility [50];

flexible electronics for display technology due to its optical transmittance and low sheet
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Reference transition Transition upsliding

(c)

(a

Figure 2.1: Graphene lattice and 2D band generation from transition sliding. (a) is a
high resolution HAADF STEM image from Pan et al. [44]. (b) shows a reference transi-
tion (constructed symmetrically about the Dirac point) where absorption is followed by
emission along the reverse path producing a net total of two phonons of opposite momen-
tum. (c) shows a sliding transition (moved up in this case) which still fits absorption and
emission transitions along the Dirac cone. The reference transition is shown as a dashed
rectangle. Sliding the rectangle up or down leaves the phonon 2q™ unchanged and provides
a continuum of transitions along the Dirac cone. This leads to the large intensity of the

2D band[45].
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resistance (displacing the rare and expensive indium tin oxide (ITO)) [6, 51, 52]; as an
interconnect in integrated circuits due to its excellent electrical and thermal conductivity;
and as a barrier for DNA sequencing and water desalination when perforated with appro-
priately sized nanopores [53, 54]. The expectation that graphene-based materials may give
rise to new, as yet unknown applications, is also extensive [6]. However, this diverse range
of applications will require a range of synthesis and treatment techniques, which negotiate
the compromises of quality and cost efficiency. Novoselov et al. divided these proposed
applications by the quality and other suitability factors of the required graphene material:
(1) graphene or reduced graphene oxide flakes for composite materials, conductive paints,
and so on; (2) planar graphene for lower-performance active and non-active devices; and

(3) planar graphene for high-performance electronic devices [6].

Mechanical exfoliation, which uses for instance the scotch-tape method, produces
graphene of exceedingly high crystal quality from highly oriented pyrolitic graphite
(HOPG). However, it is not suitable for applications besides research due to scalability
issues including poor control of the layer number. Liquid phase exfoliation uses a solvent
and sonication to separate layers from suitable bulk materials. The graphene produced
satisfies the requirements of the above-defined type 1 graphene applications only as it
lacks precise layer control and solvents can only be removed at great difficulty and cost,
although offering huge scalability [55, 56]. Chemical vapour deposition (CVD) growth of
graphene is highly scalable [57-59] and provides graphene which satisfies the requirements
for type 2 graphene applications (there is a greater number of defects in CVD produced
material) [60]. Growth on SiC is the method which appears most applicable to type 3
graphene applications due to its relative scalability (compared to mechanical exfoliation
at least though still limited to the size of the substrate) and crystal quality. However
it remains distant from integration with existing technology because of several features
including the high temperature required for growth, imprecise layer control, particularly
at substrate terraces, and more [6, 61].

There are other considerations besides the quality/cost balance, for example, since
copper interconnects are already standard in many semiconductor devices and graphene
can be grown on copper easily by CVD it might be quite practical to integrate graphene in
this way, enhancing devices using relatively small changes to existing fabrication methods.

However, synthesis is only a part of what is possible with huge scope left for post-synthesis
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Figure 2.2: The calculated phonon dispersion relation of graphene [62, 63]. The iLO, iTO,
0oTO, iLA, iTA and oTA phonon branches are shown.

modification methods as will be discussed in chapter 3 and is the main subject of this thesis.

The Raman spectra of carbon materials, including amorphous carbon, graphite, nan-
otubes and graphene, have been studied extensively allowing a wealth of information to be
inferred including crystalite size, defect density, doping states, layer number and orienta-
tion [63-68]. The unit cell of monolayer graphene contains two carbon atoms and thus six
phonon dispersion bands assigned to LO, iTO, oTO, LA, iTA, and oTA phonon modes as
shown in figure 2.2. According to predictions using group theory, the LO and iTO phonon
modes belong to the two-dimensional Ey; representation and are therefore Raman active
modes [69, 70].

Experiments find the following prominent characteristic peaks in high quality mono-
layer graphene spectra using laser excitation at 514 nm: 2D at ~2700 cm™! and G at ~1583
em™! [63, 64]. The G band is associated with the doubly degenerate (iTO and LO) phonon
mode (E4 symmetry) at the Brillouin zone center. In fact, the G band is the only band
coming from a normal first order Raman scattering process in graphene (see figure 2.3).
In the Raman spectra of defective graphene (particularly as the average distance between
defects, Lp, decreases) or at an edge, the disruption to normal Raman selection rules also
allows the detection of two further peaks: D at ~1350 cm™!, and D’ (sometimes referred to

as G° [45, 63]) at ~1600 em™!. The 2D and D bands originate from a second-order process,
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band ph

...............................................................................................

Figure 2.3: Double and triple resonance in Raman spectra of graphene. (Left) first-
order G band process and (center) one-phonon second-order double-resonance process for
the D band (intervalley process) (top) and for the D’ band (intravalley process) (bot-
tom). (Right) two-phonon second-order resonance Raman spectral processes (top) for the
double-resonance G’ process, and (bottom) for the triple resonance G’ band process triple
resonance (TR) for monolayer graphene [68]. For one-phonon, second-order transitions,
one of the two scattering events is an elastic scattering event. Resonance points are shown

as open circles near the K point (left) and the K’ point (right) [63].

involving two iTO phonons near the K point for the 2D band or one iTO phonon and one
defect in the case of the D band. The origin and the dispersive behaviour in the frequency
of the D and 2D bands are explained using a double-resonance model (a fourth-order per-
turbative Raman model used in carbon materials). In this double-resonance process, the
wave-vectors (g) of the phonons associated with the D and 2D bands (measured from the K
point) would couple preferentially to the electronic states with wave-vectors (k) (measured
from the K point), such that g ~ 2k [63].

The double-resonance process shown in the center and right side of figure 2.3 begins
with an electron of wave-vector k around K absorbing a photon of energy Eju... The
electron is inelastically scattered by a phonon or a defect of wave-vector q and energy
Ephonon t0 a point belonging to a circle around the K’ point, with wave-vector k+q, where

the K’ point is related to K by time reversal symmetry. The electron is then scattered
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back to a k state, and emits a photon by recombining with a hole at a k state. In the
case of the D band, the two scattering processes consist of one elastic scattering event by
defects of the crystal and one inelastic scattering event by emitting or absorbing a phonon
[63].

In the case of the G’ band, both processes are inelastic scattering events and two
phonons are involved. This double-resonance mechanism is called an inter-valley process
because it connects points in circles around inequivalent K and K’ points in the first
Brillouin zone of graphene. On the other hand, the double-resonance process responsible
for the D" band is an intra-valley process, since it connects two points belonging to the
same circle around the K point (or the K’ point) [63].

The underlying explanation for the Raman spectrum of monolayer graphene is still a
subject of debate as it has also been explained using Kramers-Heisenberg-Dirac (KHD)
theory which can be derived using a first order perturbation theory approach. It describes
the scattering of a photon by an electron. The KHD theory and its recent application in
the case of graphene has led to the proposal of an effect labelled "transition sliding" which
can occur in materials such as graphene whose electron transport properties are decribed
by a Dirac cone. Transition sliding may be the process behind the very high brightness of
the 2D overtone [45]. It is not clear if the KHD approach is applicable beyond a monolayer
of graphene. This is illustrated in figures 2.1(b) and 2.1(c).

In graphene, the defect yield and the nature of defects introduced by these ion species
are inferred from Raman spectra using established models [26, 27, 71, 72|. Lp in graphene
has been related to the ratio of the intensity of the D peak (Ip) to the intensity of the G
peak (Ig) by Lucchese et al. [26] and a version is given here by:

Ip (L% + 2rsLs)
I~ A(I2+2rsks—r?)

This is the phenomenological local activation model of the Raman spectra of defective

e—nrsz/LQD “x e—fr(Lg’r?rsLs)/L%] +Cy [1 = e‘”’g/"%] (2.1)

graphene. The model uses two length scales denoted by rs and ryq which represent the
average radii of two circular areas centred at the ion impact points. The inner and struc-
turally disordered area caused by an ion (labelled S) is described by the radius rs. Outside
of rs the lattice structure is preserved but is activated with respect to the Raman D band
(within the area labelled A). The distance from the centre of the impact site to the edge of

the area A is labelled r4. In other terms, a photoexcited electron-hole pair will be affected
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by the structural defect if the excitation process takes place in a region sufficiently close to
the defect site i.e. a photoexcited electron-hole pair must reach the defective site during
the time interval in which the Raman process occurs. Therefore, the difference, ry - rs
should be related to the correlation length of photo-excited electrons participating in the
double-resonance mechanism giving rise to the D band. Lg = rq — rs is the Raman relax-
ation length for the resonant Raman scattering. These distances are illustrated clearly in
figure 2.4(a).

Lucchese et al. used stochastic simulations to implement the model by simulating
the structural evolution of a graphene sheet under ion bombardment. They randomly
choose a sequence of impact positions and defined the following set of rules for each event:
(1) pristine regions may turn into S or A regions, depending on the proximity to the
impact point; (2) Similarly, A-regions may turn into S; (3) S-regions always remain S.
Then, the initially pristine sheet evolves, as the number of impacts increase, to be mostly
activated, leading to an increase of the D band. In sequence, the mostly structurally-
disordered regions become increasingly widespread, leading to a decrease of the D band.
The intensity of the D peak is proportional to the total S areas of crystalline graphene
that area activated by local defects, not the areas of the defects themselves. Thus, as Lp
becomes sufficiently low and the material becomes less crystalline, the D band intensity
falls. This is illustrated in the overlapping defect regions in figure 2.4(b).

The dispersive effect of the excitation energy, E;, on the ratio of excitation of the D and
G bands, is included in the C4 parameter. It is a measure of the maximum possible value
of the Ip/I; ratio i.e. where K-K’ mixing is allowed everywhere but there is no structural
damage to the graphene lattice. It is expected to be proportional to the fourth power of
E,, as predicted by time dependent perturbation theory [73]. Where E is stated in eV, Ca

has been given experimentally by: [27]
Ca = (160 % 48) x E;* (2.2)

The Cs parameter is the value of the Ip /I ratio in the highly disordered limit and it is
important only in the large defect density regime, Lp < rs [26, 27]. Typically, three stages
are discussed in the evolution of the relationship described by equation 2.1. The first
stage begins with pristine graphene (having a very large Lp) and as disorder is increased,

a rising D peak may be observed, increasing Ip/Ig. In addition, a broadening of all peaks
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(b)

Figure 2.4: D band generation from regions adjacent to defect sites [26]. (a) shows the
distances from the impact point of the ion to the edge of the A (rsq) and S (rs) areas
from Lucchese et al. [26]. (b) from Pan et al. shows the inter-defect distance (Lp) and the

overlap between defect-activated regions typical in the highly disordered range [44].

occurs. It can be attributed to isolated defects initially appearing in a crystalline lattice.
The second stage features a now diminishing D peak and the continued broadening and
newly observed redshifting of the G peak. It is reached when Lp reaches a critical quantity
such that defect coalescence is significant. The second stage can be attributed to the now
dominant effect of a declining number of six-atom carbon rings present [26, 27, 29, 74].
The third stage is not described in detail here as it is in essence marked by the transition
of the specimen to amorphous carbon bearing limited or no resemblance to the original
graphene.

Monolayer graphene has several clear factors distinguishing its Raman spectrum from
those of bilayer and few layer graphene. Monolayer graphene has a single, sharp 2D peak,
roughly four times more intense than the G peak (this can be less in the case of defective
monolayer graphene, still distingusihed by being greater than twice as intense as the G
peak) [65]. By comparison, the 2D band of bilayer graphene is upshifted, much broader
and has four components. For more than five layers the Raman spectrum becomes hardly
distinguishable from that of bulk graphite. The 2D peak in bulk graphite consists of two
components 2D; and 2Ds, roughly a 1/4 and 1/2 the height of the G peak respectively.
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Figure 2.5: Evolution of the 2D peak as a function of number of layers [65]. 2.5(a) shows
the 2D peak in the Raman spectrum of monolayer graphene and bulk graphite. 2.5(b)

shows changes to the band as layer number changes for both 514 and 633 nm excitations.

This evolution of the 2D peak as a function of graphene layer number is shown in figure 2.5.
There are other effects of layer number on the G peak which are weaker indicators of layer
number. The G band is shifted downward in frequency with increasing layer number but

this is a very weak trend beyond bilayer graphene [64, 75]|.

The alteration of graphene by irradiation techniques has received much focus recently
and is built upon in this work [26, 27, 29, 74]. Combining the Raman spectrum of graphene
and equations 2.1 and 2.2 with a precise method for the introduction of defects allows the
powerful manipulation of graphene’s properties through defect-engineering. The model
is so detailed that both the defect type and density can be distinguished. This will be
demonstrated experimentally for supported and freestanding graphene irradiated with He™*

and Ne™ in chapter 5.
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2.2 Molybdenum Disulphide

In spite of its high carrier mobility, a key limitation of graphene is its zero band gap which
restricts its ability to reach an effective ‘off” state in devices. Although defect-engineering
of graphene or its positioning in a heterostructure can cause the band gap to be opened,
it appears inevitable that this sacrifices charge carrier mobility |76, 77]. As a result, much
research is now devoted to other materials in the 2D family [6]. One promising family
of 2D materials is that of the TMDs. Monolayer MoSs is one such TMD, which consists
of alternating Mo and Sy columns arranged in hexagonal rings (see figure 2.7) and has a
thickness of ~0.7 nm [20]. Unlike graphene, monolayer MoSs has a sizeable direct band
gap of 1.8 eV. Interestingly, MoS; has an indirect band gap in the multi-layer system and a
direct band gap in the monolayer [12, 78]. This suggests potential for application in digital
electronics and numerous photonic applications such as light emitters, photodetectors and
solar cells [79, 80]. Excellent mechanical flexibility also allows potential for use in flexible
electronics [81].

The effects of strain and substrate [82, 83| and optical control [84] on the photolumi-
nescence spectroscopy (PL) spectrum of MoS» have been reported. In the monolayer form,
MoS; has a large direct band gap with intense emission [9, 10]. This intensity declines
rapidly with increasing layer number. Figure 2.6(a) shows the calculated band structures
of monolayer and bilayer MoSs. Electronic states near the T’ point arise from orbitals with
strong interlayer coupling and depend on layer number. However, conduction band states
at the K point are in orbitals in the middle of the layer and because of this are independent
of interlayer coupling [85, 86]. This coupling can also be reduced by folding which leads

to an enhancement of the photoluminescence emission yield [86].

The method by which MoSs is synthesised is a major factor in its intrinsic defect
density and type, its crystal size and the layer number [89]. Monolayer MoS2 produced
by mechanical exfoliation from bulk is widely regarded as the finest quality available.
Monolayer MoSy produced by CVD instead can have reduced charge carrier mobility by
around an order of magnitude in devices [90]. MoS; displays native n-type doping. Sulphur
vacancies exist, even in high quality samples and these introduce localised donor states
inside the band gap [91, 92|. Achieving p-type doping is much sought after and has been

acheived by low energy phosphorus implantation [25], molybdenum oxide heterojunctions
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Figure 2.6: The Brillouin zone and band structure of MoSj. (a) shows the band structure
of monolayer (top) and bilayer (bottom) calculated by DFTMoS» [87]. (b) shows the first
Brillouin zone of MoS, [88]

[93, 94| and partial oxidation |95, 96] amongst other techniques. However, none of these
methods demonstrate the high control, spatial resolution and scalability that would be

required for commerical purposes.

Raman spectroscopy has been employed extensively in the characterisation of MoS»
in various forms such as bulk [98-101|, powder [102]|, nanoparticles [103, 104] and few
layer /monolayer [11, 105-108]. Group theory predicts four Raman-active modes in bulk
MoS; [98] (of polytype 2H, point group Dgy) corresponding to the following symmetries
(wavenumbers for 514 nm excitation): Egg (35 cm™), E1, (286 cm™?), Eég (383 cm™!) and

Aig (408 cm™!). Other modes are expected to be infrared (IR)-active or silent [101].

In monolayer MoSy (of polytype 1H, point group Dapy), the phonon dispersion has
been well described theoretically and computationally using DFT [109]. The results are in
good agreement with experiment [101, 106, 109]. The bulk phonon dispersion of monolayer
MoSy has three acoustic modes. The longitudinal acoustic (LA) and transverse acoustic
(TA) modes vibrate in-plane, have a linear dispersion and a higher energy than the out-of-
plane acoustic (ZA) mode which has a g* dependence [109]. The LA(M) peak at ~227 cm™!
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Figure 2.7: The crystal structure of monolayer MoS». A schematic diagram of the atomic
structure of monolayer MoSy [97]. Mo atoms are shown in purple and S atoms are shown

in yellow.

has been linked to the presence of a local maximum in the vibrational density of states,
located at the energy corresponding to the longitudinal acoustic (LA) branch at the edge
of the Brillouin zone. It exhibits no intensity in pristine monolayer MoS, but intensifies
quickly with increased defect density [28, 103|. It is typically very weak and somewhat
broad. It is also found in nanoparticle/few layer samples. Since it is defect-activated,
it can be used somewhat analogously to the D band in graphene Raman spectra in the
characterisation of defect density [28]. In resonance Raman spectroscopy, for a variety of
MoS, arrangements the LA(M) mode is notable for its many second order interactions in

spectra.

The high energy optical modes that are Raman active in monolayer MoS9 are the
following: the E’ peak at ~385 cm™! arises from the intralayer, in plane motion of Mo
and S atoms with respect to each other and the A} peak at ~405 em™! arises from the
intralayer, out of plane motion of S atoms. Both the E” and the A} peaks are strong in
all forms of MoSy

For few layer MoS,, additional peaks arise and there are changes to the labelling
of previously existing peaks. These extra peaks include low frequency modes which are
discussed further below and the Ej, peak at ~286 ecm™!. Since there is a lack of translational
symmetry along the z axis, there is a reduction in symmetry in few layer TMDs, for odd

layer numbers, MoSs has D3y point group symmetry. For even numbers, the point group
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Figure 2.8: Vibrational modes and Raman spectroscopy for the differentiation of the
number of MoSs layers thinned by plasma [12, 13|. (a) shows the vibrational modes giving

rise to both peaks in the part of the Raman spectra shown in (b).

is D34 because of the existence of inversion symmetry. Therefore for bulk or even layer
number MoSs, the Eég and A’lg peaks replace the E” and A} peaks [110]. Peak separation is
a key characteristic in distinguishing layer numbers [12, 106, 111, 112|. Figure 2.8 shows
the evolution of Raman spectra extracted from 1-4L. MoS9. With increasing layer number,
a characteristic red shift of the E’/E%g (385 cm™! to 382 cm™!) and blue shift of the Al /Ay
(404 cm™! to 407 cm™!) modes is observed. With increasing sample thickness, a classical
model for coupled harmonic oscillators would suggest that both peaks would blue shift.
However, this is a simplistic view for 2D materials [13]. While the A1, vibration does blue
shift,the E%g vibration in fact red shifts, possibly the result of surface relaxation and
additional interlayer interactions for few-layer samples [11-13]. For four or more layers,
the values of frequency converge to bulk values. With regard to the width of the observed
peaks, the E’/ Eég peak is largely independent of thickness. It has been reported that the
width of the A /A1, peak drops going from 2 to 6 layers but it remains difficult to use this
to distinguish between layer numbers [11, 106].

The evolution of the Raman spectra of monolayer MoS, with decreasing Lp has been
described by Mignuzzi et al. as follows: The intensity of the LA(M) peak, I(LA), normalized
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to that of either the E’ peak, 17((%—/,‘)), or the A] peak, %, is related to the inverse square of
1

Lp (as with graphene, the average distance between defects) by equation 2.3 [28]:

LLOPIRS ¢

=—= (2.3)
Ix) 1%

In the case where the Raman spectrum was acquired with a 532 nm laser, the following
constants were found by fitting experimental data: C(E’) = 1.11 + 0.08 nm? and C(A)) =
0.59+0.03 nm?. X = E’ or A’ for depending on the peak studied. With rising disorder, the
increase of these intensity ratios is attributed to two concomitant factors: (i) an increase
in the absolute intensity of the defect-activated LA(M) peak, and (ii) a decrease in the
intensity of the E’ and A’ peaks that is possibly due to the ablation of the specimen
[28]. Naturally, samples have an initial value for defect density as a function of their
preparation method. Even ‘pristine’ 2D materials used in this work have a non-infinite

initial Lp subject to variation between samples prepared by different methods.
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Chapter 3

Modification Methodology

N chapter 2, the two key materials of this work were identified, namely graphene and
I MoSs, and some of their extraordinary properties were described. In this chapter,
the field of nanomaterial engineering will be introduced and the modification methods
which dominate this work will be highlighted. The primary method used in this work
for the modification of 2D materials is by the application of an energetic ion beam in an
ion microscope which is capable of nanoscale resolution. These ion microscopes as ion
sources will be briefly described and there will be an exploration of the ion-beam sample
interaction. Methods for simulating ion beam interactions such as molecular dynamics and
Stopping and Range of Ions in Matter software (SRIM) are also introduced and discussed.

Another modification method uses a high energy electron beam in a scanning electron
microscope (SEM) to excite gas atoms for reactions with a surface. Finally, the alter-
ation of MoSy by oxidation in air is discussed in detail, as it will be shown to be highly

controllable through the use of ion irradiation.

3.1 Nanomaterial Engineering

Of far greater interest than the already extraordinary family of 2D materials is the be-
haviour of those materials once engineered, especially if done on the nanoscale. In order
to realise cost-effective device manufacture, it may be desirable to engage a method which
can alter all of these properties with precision, high resolution (scale of 10s of nanometres)

and throughput. At present, scalable modification is often achieved by a wide variety of
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methods including defect-engineering in synthesis, or with plasma or ion implantation,
doping by a range of techniques including chemical reactions and ion irradiation, encase-
ment in other materials to create heterostructures and more. While chemical reactions and
plasma etching can have a great deal of control over properties, they are typically unable
to do so with much spatial specificity. It has been shown previously in experiments and
simulations that ion and electron irradiation can selectively etch or alter the properties of
selected regions of 2D materials with high spatial resolution |37, 41, 113-116]. Sputtering
is the removal of near-surface atoms from a target, and the sputtering yield is the mean
number of sputtered target atoms per incident electron/ion. Broadly speaking, electron
beams can achieve atomic or near-atomic resolution but with a throughput much lower
than that of ion beam techniques due to their lower sputtering yield. Ion beam methods
can still achieve several nanometre resolution at a fraction of the cost/time.

Considerable alteration of 2D materials is possible by tailoring the crystal struc-
ture/defect density, layer number, stoichiometry/doping state and geometry
including polytypes and nanostructures like pores and nanoribbons. Defects have been
introduced to MoSs on a large scale during CVD with extensive control over the resulting
electrical properties [20, 90]. DFT simulations have demonstrated that the modification of
crystal structure by the controlled addition of defects can be used to tune the electronic
structure and transport properties of MoSy [117]. While electron transport is practically
isotropic in pristine MoSs, strong anisotropy is observed in the presence of defects. Lo-
calised midgap states are observed in semiconducting MoS» that do not contribute to the
conductivity but scatter the current with direction-dependency.

Since there is such a significant difference in the behaviour of single layer versus bulk
MoS:z (including the considerably different band structure as previously discussed), thin-
ning of MoSy has been researched using a wide variety of different techniques. These
include laser ablation, ion/electron irradiation and chemical reactions e.g. XeF o and Ar*
plasma etching [12, 37, 112, 118]. Laser ablation is diffraction limited in terms of spatial
resolution and electron irradiation is typically limited in throughput.

Devices fabricated from MoSs monolayers with lower sulphur in their stoichiometry
have negligible current-voltage hysteresis and a threshold voltage of ~0 V [119]. Alteration
of the geometry of MoSy can also result in modified electrical and magnetic behaviour

[22]. Tt will be shown in this thesis that all of these characteristics can be altered to some
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extent using ion irradiation.

With regard to geometry, nanoribbons are particularly desired. These strips of ex-
tremely thin and narrow material (typically defined as having a width of less than 100
nm), can have superlative properties especially with pristine crystallinity and edges of a
specified orientation (i.e. zigzag, armchair) [120]. Simulations show that MoS, nanorib-
bons with such edge orientations and widths of ~3 nm (within the quantum confinement
regime) can be vastly different in behaviour depending on the edge termination. For exam-
ple, zigzag MoSs nanoribbons are ferromagnetic and half-metallic whereas armchair MoS»
nanoribbons are non-magnetic and semiconducting [17, 22, 121]. Of the many methods
used to fabricate nanoribbons in MoSs, few have achieved all of the following: good crys-
tal structure, well-defined edges, reproducibility and widths of less than 10 nm [30, 31].
Electron irradiation in a TEM has been used to fabricate ribbons of MoSs down to sub-
nanometre widths [33]. However, the TEM is a low throughput fabrication tool due to a
relatively weak beam-sample interaction and stringent sample requirements (supported,
thin, low levels of contaminants, vacuum stable). Similarly, nanoribbons of graphene have
been fabricated using scanning probe microscope-based lithography, but again issues of

throughput and controllability persist [122-124].

3.2 Ion Beams

The conventional FIB has been commonplace for several decades and uses a liquid metal
ion source (LMIS) to accelerate gallium ions (Ga*) to energies in the typical range of 1-30
keV. In operation, Ga* is focused into a fine probe, which on modern instruments can
be small enough to obtain image resolutions in the 3 to 5 nm range [125]. Due to the
energy and large mass of Ga*, there is a very strong sample interaction, which causes the
sputtering of specimen material. For imaging purposes, this causes the small detail being
examined to be removed during image acquisition [125]. Thus, many of the uses of a Ga*
ion beam are related to micromachining and nanofabrication rather than imaging [126].
The gas ion microscope (GIM) is a more recent development with very different under-
lying physics governing its ion source [126, 128, 129]. One such tool is the Zeiss ORION
series of microscopes such as the Zeiss ORION Plus (He*) and Zeiss ORION Nanofab
(He* or Ne*) utilised in this work. The ORION Nanofab is equipped for operation with
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Figure 3.1: The GFIS in the GIM. (a) A schematic view of a GFIS [127]. (b) Imaging
a trimer in SFIM mode in a Gas Field Ton Source microscope [126]. (¢) Schematic of a

GFIS microscope [126].

two types of gas using the same source and optics, and switching gases is fast and sim-
ple. The GIM utilises a pyramidal GFIS to accelerate gas ions as shown in figure 3.1(a).
The source can be imaged in a scanning field ion microscopy (SFIM) mode which maps
the positions and intensities of emitter atoms as shown in figure 3.1(b). A tip of three
associated tip tungsten atoms (trimer) as pictured is found to be both stable and bright
when compared to other configurations such as a dimer or a single atom source [126, 128].
The best imaging voltage (BIV) is the extractor voltage which gives the maximum current
from the three atoms of the trimer. Although it will vary for emitters of different shapes,
it is typically around 25 to 35 keV [126]. A quadrupole electrostatic lens system is used
in the upper column for beam alignment and an octupole is used in the lower column for
the correction of astigmatism.

As in SEM and FIB, images are formed in the Nanofab microscope by detecting sec-
ondary electrons generated by the primary beam. However, these images present different
information than in SEM. This is because of the different nature of the ion beam-sample
interaction and resultant significantly smaller penetration depth of ions compared to elec-
trons. Images acquired using He* are much more surface sensitive than energetically equal
electrons [113]. It is found that in imaging applications and using He*, the GIM can out-

perform the SEM, given its smaller interaction range (hundreds of nm compared to pm)
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and probe size (0.35 nm compared to ~0.8 nm for a world class SEM) [126, 128-130]. Due
to the relatively low mass of He* compared to other available accelerated ions it has a
lesser ability to sputter material when compared to either Ne* or Ga* at the same angle
and energy. However, its interaction at the specimen surface is still far greater than that
of an electron beam of equal current. Given its much higher mass, Ne* has an enhanced
calculated milling capability compared to He* (at least an order of magnitude for copper
at an energy of 20 keV) [129].

Due to the very high brightness of the GFIS source, the attainable probe size of 0.3-0.5
nm in He* mode is much smaller than that of Ga* in the FIB. Potential resolution of the
Ne* mode when further developed is also suggested to be as low as sub-nanometre [129].
However, in practice the current achievable probe size of Ne* is approximately 2.5-5 nm

which is similar to Ga*.

3.3 Ion Beam Sample Interaction

Ion irradiation has an illustrious record over many decades in the scalable, precise defect-
engineering of materials [23]. Given the pivotal importance of defect-engineering and
nanofabrication methods in the materials science of today, it is imperative that the capa-
bilities and side-effects of ion beam fabrication methods on 2D materials be well under-
stood. The ion species and energies used in this work are particularly significant due to
their high resolution capability for nanofabrication and defect-engineering.

To precisely irradiate material to alter its properties, it is critically important that the
interaction between specimen atoms and the incident ion beam be understood. As a beam
of ions reaches the specimen, collisions with the surface will transfer energy to the sample.
The maximum transferable energy from an ion to a specimen atom by elastic scattering
(modelling the atom and ion as two spheres, reasonable given the high energies involved),
T, depends on the particle energy, E, and the ratio of the ion mass, My, to the specimen

atom mass, M; [23], where:
4AM1 My

= O+ M) Bt

m

An ion interaction leading to the removal of a specimen atom has a cross-section oy(ion).-

This is given in equation 3.2 where e is the charge of an electron, Z; and Zy are the
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atomic numbers of the specimen atoms and beam ions respectively, and Tp is the threshold
displacement energy of the specimen atom, such that [23]:

M i
Od(ion) = nEZfzge“— (— o ——) (3.2)

3.4 Simulating Ion Interactions

SRIM is a software package, which is used to model the interaction of ions with matter. The
trajectory and penetration depth of an ion beam can be simulated in a specimen surface
with a variety of inputs including ion species and energy and the specimen composition
[131]. SRIM is based on a Monte Carlo simulation method, namely the binary collision
approximation. In calculating the sputtering yield of atoms from a supported 2D material,
SRIM accounts for: those atoms directly removed by the primary ion beam, those which
are removed by backscattered primary ions and those which are removed by secondary
atoms, excited in the substrate near the surface. It is a singularly useful tool for comparing
the effects of ion energy and species on the milling and patterning of materials. Figure 3.2
shows a comparison of the trajectories of He*, Ne* and Ga" into a 4 nm layer of MoSy on
a substrate of magnesium oxide (MgQO) calculated using SRIM.

However, SRIM is not expected to be completely quantitatively accurate for ion-
nanomaterial systems. There are several assumptions and caveats therein which much
be considered. For instance, SRIM relies upon the binary collision approximation, assum-
ing an amorphous structure and homogeneous mass density for all materials. This means
that orientation dependent phenomena such as ion channelling are neglected. The amor-
phous structure assumed here is also highly inapplicable to measurements of 2D materials
due their typically highly ordered lattices and their 2D nature.

Therefore, molecular dynamics and DFT are in many cases a superior choice where
accuracy in 2D material systems is concerned. However both are far more computationally
expensive choices with DFT being particularly so [28, 34, 132-135]. While SRIM and
molecular dynamics methods do not distinguish between the effects of atoms and ions
(chemical effects) these are expected to be negligible in this work given the high energies
of the direct ion beam. Where possible, values calculated from molecular dynamics in the

literature are referred to rather than SRIM.
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Figure 3.2: A Stopping and Range of lons in Matter software simulation of ion trajectories.
The figure shows a calculation for 30 keV He", Ne* and Ga* beams incident on a 4 nm

layer of MoSs sitting on a substrate of MgO.

3.5 Dose and Substrate Effects

The direct beam can be used to modify geometry by the removal of material to produce
nanostructures such as nanoribbons. This requires using sufficient ions per unit area, also
known as dose. However, if insufficient doses are used, the result is structural damage only
and not the desired area-specific removal of material. A beam of ions cannot be focused
to a zero sized probe, so damage to surrounding material is unavoidable. Excessive doses
are undesirable due to the way in which they exacerbate this effect while also reducing
fabrication throughput. In addition, the resolution of long exposures may be subject to
drift of the sample with respect to the beam. Since modelling and reducing the impact
of undesired damage will be one of the challenges of this work, optimising the irradiation
dose for complete milling is of great importance. As an example, the dose required to
remove a layer of supported MoS, will be estimated. Since the area of the MoSs unit cell
(a — 0.31625 nm) is ~0.14 nm?, there are 1.5 x 10'> cm~2 sulphur atoms and 7.3 x 10
cm™2 molybdenum atoms. An estimate for the dose of ions, D, required to remove a given
area is given by

D= N/P (3.3)

where N is the total number atoms per unit area and P is the average probability of

removing an atom. Here we use the sputtering yield as calculated from SRIM simulations
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(see section 3.4) for He™ at 30 keV, P = 0.03. This method ignores the distribution of
such atoms and will thus underestimate the true dose. The effects of ion beam-induced
deposition will also cause an underestimation. However, the value of D obtained is of the
order 1 x 10'7 cm™2 which has been found in preliminary experiments to be correct to
within an order of magnitude, see chapter 6.

Irradiation induced defects in 2D materials come from two main divisions: those intro-
duced directly by the ion beam and, in the case of supported samples, there are also defects
introduced indirectly by the interaction of backscattered primary particles and secondary
sputtered substrate atoms [136]. The difference in the behaviour of 2D materials between
supported and freestanding geometries is important especially when under ion irradiation
as the effects of secondary atoms are profound. Such atoms have a much lower energy and
therefore by equation (3.2) a much higher cross section for sputtering interaction with the
atoms at the surface. These collisions occur to a far greater extent for supported material
where the substrate both facilitates backscattering of the primary ion beam and provides a
source of secondary atoms [136]. For high energy ions, a substrate is expected to increase
the rate of damage per ion given the supply of secondary atoms and backscattered ions.
For low energy ions, a substrate is expected to greatly lower the damage probability per
ion. Zhao et al. found that the energies above which irradiation damage was enhanced in
supported graphene (on a substrate of SiO2) were 5 keV and 3 keV for Art (M—18) and
Sit (M=14) respectively [136].

3.6 Displacement Threshold in MoS;

Most experimental studies of the sputtering of MoS; note that S atoms are sputtered
preferentially. Since they also make up two thirds of the total atoms and there are no
Mo-Mo bonds in pristine MoSs, it is reasonable to say that to remove all material (from a
freestanding sample at least) it is essentially necessary only to directly remove the S atoms.
For that reason, the removal of S atoms will be explored in some detail. The displacement
threshold of an S atom is a major factor in deciding the probability of sputtering as in
equation (3.2), see figure 3.3.

Within a sample of MoSy there are many factors affecting the displacement threshold

value. The first is that assuming a 0° angle of incidence in MoSs, the displacement
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Figure 3.3: Displacement cross sections of atoms in MoSs with 30 keV He*. Mo atoms are
shown in purple and S atoms are shown in yellow. The size of the circles shown in dotted

lines represents the sputtering cross sections of the respective atoms.

threshold of S atoms in the top layer (nearer the beam) are considerably higher than for
the bottom layer (Tp — 6.9 eV for bottom, 8.1 eV for top) [115]. It is thought that a reason
for this is that the displaced atom can be stopped by the other layers. Another factor is
whether the S atom is near an existing edge or defect site. In tungsten disulphide (WS»)
the displacement energy for S atoms at the edge is 4.2 eV compared to 7.0 eV away from
the edge! [115].

3.7 Ion Beams and 2D Materials

With the demands of modern semiconductor technology, precise nanoscale control of 2D
material properties is much sought after and eminently achievable using modern ion ir-
radiation techniques with sub-nanometre probe sizes [35-40, 113]. Given the superlative
confinement of such materials, it is possible to restrict the ion-induced effects to an excep-
tionally small region. Such methods have been used to create nanoribbons with widths
of less than 10 nm [36, 37, 137|, control doping of graphene by implantation [25] and

introduce precise quantities of defects [27-29]. Ribbon widths of this magnitude may be

!This 40% difference was used to estimate the value for MoS, in figure 3.3
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useful in order to exploit the properties of quantum confinement. However, nanoribbons
must also have well-defined edge orientations and good crystallinity which are limited by
a shortfall in our understanding and subsequent control of the beam-sample interaction.
Whether this can be achieved by He" milling has not yet been reported and fabricated
edges have been insufficiently studied to date by methods of sufficient resolution. Effects
of the same scanning strategies varied across materials have also not been investigated to
any meaningful extent.

More nuanced and innovative uses are also possible than simple direct write milling.
He* irradiation of graphene encapsulated in hexagonal boron nitride has even been used
to introduce n-type doping [41]. Defect-engineering is also readily achievable with a great
deal of both precision and spatial resolution. A host of optical, mechanical and electronic
properties can be controlled in this way, by using the He* beam to create vacancies [138].

In short, the further development of irradiation methods for a given material is pred-
icated on a thorough understanding of the relationship between irradiation strategy and
dose and the corresponding rate of defect introduction and the nature and size of defects.
The spatial spread of beam-induced effects is also of paramount importance, limiting the

ultimate minimum feature size, of critical importance to nanofabrication.

3.8 Electron Beams and Defects

Another modification method used in this work is the etching of graphene in a SEM using
nitrogen activated by the electron beam. While the SEM has been shown to be capable of
selective deposition and removal of material, an electron beam of typical energy in a SEM
(<30 keV) is not energetic enough to efficiently sputter carbon atoms. However etching
is quickly and efficiently achieved by other methods including the introduction of a gas
into the system [139-142]. The electron beam is used to generate reactive ions which
locally etch the sample surface in close proximity to spots defined by the microscope
[140, 141, 143]. This technique provides direct, top-down fabrication of nanostructures
using a maskless and resistless process. Of particular interest is the ability to create
nanopores in graphene.

Oxygen is the most commonly used gas as the etching species. State of the art e-beam

etching was recently demonstrated with water vapour, producing feature sizes down to 7
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nm [142]. Etching of a graphene surface has previously been observed to occur when it was
irradiated with an electron beam in a nitrogen atmosphere [143]. In chapter 5 nitrogen
gas is shown to be preferable to oxygen as it reacts less aggressively with the graphene,
allowing smaller feature sizes, down to 4.5 nm, to be demonstrated compared to other

methods.

3.9 Oxidation of FLM-MoS, in the Literature

The oxidation of MoSy to MoO, considerably affects its electronic, chemical, optical, and
tribological properties, of paramount importance given its use in bulk and powdered forms
as an industrial lubricant for many decades [144]. The material switches from hydrophobic
to hydrophilic upon oxidation and its mechanical stability is reduced leading to failure
[145, 146]. Given this long history, the reaction has been well scrutinised as a function
of temperature, time, humidity and other parameters. When heated in the presence of
oxygen, the Mo and S atoms react to form molybdenum trioxide (MoO3) and sulphur

dioxide (SO32) molecules, respectively.
MoSsys) + 3-50‘2(g) - MOOg(s/g) + 2802(9) (3.4)

The temperature at which the reaction occurs depends greatly on the condition of the
material with pulverised MoSs having oxygen content at temperatures as low as 100°C
and some coatings being stable up to 400 °C [144, 147]. The case of the oxidative reaction
of few layer or monolayer (FLM)-MoS; is of far greater interest to the modern nanoma-
terials scientist and has been developed to a far lesser extent due to the relatively recent
proliferation of the material. Yet, the implications for applications under the categories
of device fabrication, stability and defect-engineering/doping are profound. FLM-MoS
is much more reactive to molecular oxygen (O32) than an analogous atomic membrane of
graphene [148]. It has recently become clear that chemical oxidation occurs preferentially
at edges and defect sites [148, 149].

Oxidation has been demonstrated to alter the doping state and performance of FLM-
MoS; devices and to thin or even completely etch FLM-MoSy [20, 95, 148]. McDonnell
et al. demonstrated MoO, as an efficient hole injection layer for p-type field effect tran-
sistors (FETs) in TMDs [94]. It is well-established that the oxidative thinning and/or
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etching of FLM-MoSs can be achieved by heating in the presence of O9 or other oxidants
[95, 118, 148, 150, 151]. However, there remains a great deal of room for expanding on
this knowledge. For instance, the behaviour of MoO 3 as a reaction product is complex due
to its volatility. Whether it sublimes or at least partially remains after the oxidation of
FLM-MoS; seems to be heavily dependent on the thickness of the starting material [148|.
However, there appears to be no proposed mechanism for this phenomenon.

Nanosized MoO3 is known to be considerably more volatile than in bulk [152]. The
sublimation temperature for bulk MoO3 is about 700°C, but this can be substantially less
for nanoscale MoO3 [144, 152, 153]. Desorption of MoO3 at ~500°C in vacuum has been
reported, allowing atomic layer etching without altering the underlying crystal structure
of MoSy [154]. At temperatures at which etching or thinning of FLM-MoS» is observed
(~300°C) additional heat generated from the exothermic reaction may assist in the subli-
mation of the newly formed MoO3. Zhu et al. used a plasma oxidation method and showed
that at 400°C the desorption rate of surface oxides is higher than the oxidation rate [154].
This does not exclude the possibility that there is some range of parameters at which
MoSs oxidation dominates over MoO3 sublimation, but it is unlikely that FLM-MoS, will
leave behind large amounts of MoO3 in typical oxidation conditions.

In reports of bulk and powdered MoS; the oxide remains and its relative content
can be measured [144, 153]. For non-bulk, but still relatively thick MoSy (> 40 nm),
oxygen treatment at 400°C was found by Raman spectroscopy to result in conversion
to MoOj3 platelets [148]. While no oxide could be found by Yamamoto et al. using the
same methods for thinner samples (1-4L), Wu et al. did find evidence of MoO3 using
magnetic force microscopy (MFM) and atomic force microscopy (AFM). They concluded
that a discontinuous oxide layer acted as a hole-injection layer, resulting in the p-type
doping of the material. This p-type doping has been predicted and found elsewhere which
lends considerable credence to at least one of two suggestions: there may be certain
heat/time/temperature scenarios where MoOg evaporation is not complete, or there is
high oxygen content to be found, but only in strictly localised near-edge regions.

A DFT study by K. C. et al. found that the adsorption of molecular oxygen on the
monolayer MoSs surface is limited kinetically by a large energy barrier despite being
thermodynamically favourable [155]. A key figure of scale here is the number of sites

available on the surface for adsorption, 1.15 x 10'> O atoms/cm?. The authors found the

32



3.9 - Oxidation of FLM-MoSs in the Literature

kinetic energy barrier for adsorption to be relatively high at 1.59 eV, affirming the chemical
stability of the surface at atmospheric conditions. However, in the presence of a surface
sulphur vacancy defect, the oxygen adsorption barrier and subsequent dissociation barrier
are reduced by half (~0.8 eV). Thus when the S deficient MoS; surface is exposed to the
atmosphere, it will be readily filled by oxygen. For low defect concentrations -typical in
high quality specimens- the electronic properties are not changed significantly. However,
as the concentration of impurity states increases (and hence O coverage), the band gap
decreases from 1.76 eV for pristine MoSs to 1.4 eV when saturated with adsorbed O atoms
[155].

Although well below their reported etching/thinning temperature, Yamamoto et al.
found that oxygen exposure above 200°C resulted in an upshift in the frequency and
decrease in the linewidth of the Raman A mode[148]. Other studies have shown using
experiments, DFT and symmetry arguments that these effects on the A} mode represent
a strong electron interaction for that optical phonon and electron density is significantly
diminished by oxygen treatment [105, 156]. This is likely attributable to adsorption rather
than oxidation at temperatures below 200°C . Neupane et al. performed experiments
similar to the above studies but with a dry Oy gas [157]. They found that etching could
occur at temperatures as low as 270°C.

Wu et al. found thinning and etching of few layer MoS; to occur in air at 330°C after
60 mins [95]. They reported thinning as shown in before (a),(b) and after (c),(d) optical
images of figure (3.4). Samples were frequently thinned to 1L rather than being completely
etched. The authors offered an explanation for this which consists of thinning originating
at the edge/active sites of the MoS, nanosheet. Heat then dissipates slower between MoS 5
layers than between the bottom MoS, layer and the silicon dioxide (SiO3)/Si, substrate
which acts as a heat sink, serving to protect this bottom layer [112]. Samples, which were
thinned to 1L demonstrated comparable optical (PL spectra) and electrical properties (IV
characteristics) to their mechanically exfoliated, pristine 1L equivalent as shown in the
Raman spectrum of figure 3.4 (e). Neupane et al. demonstrated in Raman and PL that
annealing in Hy caused a reversal in the effects of adsorbed oxygen on the doping state of
the remaining material [157].

Wu et al. reported the etching of equilateral triangular pits which left behind a mesh
of MoSy after heating, particularly for long heating times (15 h) [95]. These pits are
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Figure 3.4: Thermal thinning and etching of 2. MoS2 nanosheets. Wu et al. showed
thermal thinning (a),(b), and etching (c),(d), of 2. MoS; nanosheets to 1L. MoSy at
330°C for 10 h [95]. Optical images of a MoSy nanosheet before (a) and after (b) thermal
annealing. AFM height (c¢) and phase (d) images of the same MoS9 nanosheet shown in
(b) after thermal annealing. (e) Raman spectra of pristine 1L MoSg, pristine 2L MoS,

and 1L MoS; produced from 2I. MoSs by thermal annealing.
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shown in AFM images in figure 3.4 (c,d). These triangular pits had the same orientation
within a specimen flake and were found to be of diverse size, typically less than 200 nm.
Optical microscopy (OM), AFM, MFM and X-ray photoelectron spectroscopy (XPS) were
all used to investigate the material, which remained in the mesh structure. The authors
reported conversion of the intrinsically n-type MoS; to p-type MoSs (using gated electrical
characterisation) upon thinning, attributing this to the existence of MoO 3 on the thinned
MoSs,. Ionescu et al. used similar methods and discussed triangular, star, and hybrid
etched patterns [151].

Yamamoto et al. looked at the etched pits and showed that they grow faster with both
increasing oxidation time and temperature. However, they also found that the density of
etched pits is largely uncorrelated with oxidation time (1h to 6 h), oxidation temperature
(once above ~250°C) and MoSsy thickness when compared to variations between samples
[148, 149]. A clear implication is that oxidative etching of MoSy is initiated at intrinsic
defect sites, the concentration of which varies substantially between samples. In broad
agreement with the previous studies, etching was not observed below 340°C.

Rao et al. used Raman spectroscopy in oxidation experiments over a wide range of
temperatures (330-1100°C) [158]. The decline of the monolayer MoS9 peak intensities was
faster at higher temperatures. The measured decay rate in multilayer MoSo (from an
Arrhenius plot of the Ajg peak decay rate) provided a reaction energy of ~0.54 eV. Since
calculated theoretical values for this energy barrier (1-5 eV) are higher, it is concluded
that this is the reaction energy for defective MoSy and that defects in MoS, are essential
to the reaction rates observed at the temperatures used in similar works [155, 158|.

Zhou et al. performed first principles calculations (DFT) and experiments to investigate
the formation mechanism of the triangular pits [150]. The authors studied three main types
of edges for the etched triangles: Mo terminated zig-zag edge (ZZ-Mo), Sy terminated zig-
zag edge (ZZ-S3) and armchair-terminated edge (AC). The pit cannot be composed of
AC edges since it would have a hexagonal shape due to the six-fold symmetry of AC
directions. Therefore, the MoSy layer typically exposes one of the zig-zag terminated
edges (ZZs) [159, 160]. Zhou et al. went on to find that the oxidation of the ZZ-Mo edge
had the more exothermic first step as shown in figure 3.5 [150]. This was also found by
Gan et al. who used DFT and experiments to find that the equilibrium morphology of

etched triangles is the ZZ-Mo edge, with each Mo atom bonded to two O atoms in a wide
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Ref. Sample Toin s Time Gas Oxide Detection

[95] 1,2,4L 330°C - 60 mins Air MoO3-AFM & MFM
[150] 1-10L+ 345°C - 120 mins Air None-Raman

[148] 1-4L, >40nm 320°C 200°C 120 mins Ar/Oy MoO3-Raman?

[i57] CVD, 8L . 240°C - 90-120 mins O, :

Table 3.1: Key figures from the literature concerning the oxidation of MoSs.

range of O chemical potentials. Furthermore, edges induced by O etching are p-doped,
suggesting an effective strategy to realise p-type MoS, devices.

It is widely found that the approximately triangular etched pits formed by oxidation of
few layer MoSs conform to one orientation on a given flake of uniform thickness [95, 148,
150, 161]. The resemblance of the pits and their host triangle to the Sierpinski triangle
fractal set is notable. The lowest-energy stacking order of MoSs sheets is composed of
Mo atoms in each layer being directly on top of the S atom in the preceding layer and
vice versa. This means that the ZZ-Mo and ZZ-Ss directions should be reversed in two
neighbouring regions with a layer number difference of one [150]. Therefore, pits are
expected to be in opposing orientations on adjacent regions with a layer number difference
of one. This is experimentally demonstrated in the supplementary information of Zhou
et al. and also in the work of Yamamoto et al. and Gan et al. [148, 150, 161]. Several of
the key papers discussed here are summarised in table 3.1.

Another question of particular interest in the field of fabrication and patterning con-
cerns the ability to selectively activate material spatially for reaction. However, oxidation
studies to date have demonstrated little or no ability to confine the reaction spatially, an
important requirement for scaling this process to applications. In chapter 7, localisation
of the oxidation reaction to arbitrary regions of MoSs is demonstrated. Unprecedented
spatial control of the reaction by pre-treating with an ion beam is demonstrated, and sev-
eral aspects of the reaction are clarified e.g. the presence of molybdenum oxide (MoO,),

the effects of temperature and time, and the influence of ion dose.

20nly found for much thicker samples and higher temperatures, > 400°C. Thin samples were etched

before this temperature with no detection of MoO3 in Raman Spectroscopy.
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Figure 3.5: Modelling the etching of triangular pits in MoSy by Zhou et al. [150]. An

atomic mechanism shows the formation of triangular pits in MoSs layers. The Mo and

S atoms are represented by large (blue) and small (red) circles, respectively. Right: The

atomic edge structures (top and side views) during oxidation of ZZ-Mo are shown in the

bottom panels, and those for ZZ-So are displayed in the top panels. In the side views,

only two ZZ rows near the edge are rendered for clarity, where the deeper one is shown in

pale color. The edge energy variations during oxidation are shown in the middle, where

the energy of the oxygen-intact edge is set as zero.
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To summarise this section, oxidation of few layer MoSs in controlled oxidising envi-
ronments can be used to thin and etch the material. Some samples have been reported to
be etched with an extremely high density of pits, creating a mesh feature. When etched,
removed regions tend to be triangular in shape and the best available evidence suggests
that the ZZ-Mo edge bounds these pits. The behaviour of the resultant MoO, species
is unclear, with some evidence that they may not fully sublime for some reaction condi-
tions. In particular, the change in doping state suggests the continued presence of oxide
species, even if only in small quantities which are undetectable in Raman spectroscopy.
The oxidative etching of MoSs is initiated at edges and intrinsic defect sites. Since ion
beam-induced defects can be very highly confined spatially, it is now intended to activate
desired regions for oxidative etching using an ion beam. To date, no reports of spatially

moderating the reaction have been reported which will be demonstrated in chapter 7.
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Chapter 4
Analysis Methodology

N chapter 3, the modification methods used in this work were introduced. Whether by
highly focused ion beam, ion activated gas or ion moderated chemical reaction, the
modification of 2D materials performed by these methods must be quantified accurately
and reproducibly. In this chapter, the characterisation methods used for quantification and
analysis will be introduced. These include Raman spectroscopy, a non-destructive and high
throughput method for characterising the structure of materials. A thorough discussion
of the Raman spectra of both graphene and MoSy will be provided as well as models
relating these spectra to defects in the materials. PL spectroscopy is often performed
concurrently with Raman spectroscopy for the characterisation of optical and electronic
properties and this method will be introduced. Next, several microscopy techniques will
be discussed including SEM and TEM, high resolution imaging methods, which also allow

in situ measurements such as EDX.

4.1 Raman Spectroscopy

Raman scattering is an inelastic phenomenon involving the exchange of energy between
an incident photon and the vibrational modes of a material. These phonons arise from
thermally excited and kinetically active species in the material. Optical phonons are rel-
atively high in energy and arise from out of phase vibrations between neighboring atoms
within the unit cell. In phase vibrations give rise to acoustic phonons with high wave-

length although these are usually considered only in ordered materials rather than in
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Figure 4.1: Jablonski diagram illustrating Stokes and anti-Stokes shifts |164].

molecules or amorphous material. In practice, conventional Raman spectroscopy is used
predominantly for optical phonon measurements as the acoustic phonons are usually very
low in energy. However, in the case of nanomaterials, confinement can lead to high en-
ergy acoustic modes, detectable in conventional Raman [162|. Both optical and acoustic
phonons may be longitudinal or transverse giving rise to polarisation effects in Raman
spectroscopy (many peaks are preferentially excited by or cannot be excited by p or s
type lasers) [99, 163]. After scattering, the new photon will have a frequency equal to the
sum or difference (a consequence of a Stokes or anti-Stokes shift) of the frequencies of the
incident photon and the frequency of the vibrational mode interacted with, illustrated in

figure 4.1.

Group theory is a study of symmetry which uses algebraic structures (groups) to label
molecular and solid state configurations [165]. Character tables provide the result, type
and number of symmetry operations for specific symmetry species. In vibrational spec-
troscopies, each mode of vibration in a species is represented in the character table. Only
those vibrational motions with the symmetry properties described in the character table
are allowed. The complete set of normal vibrational modes of a molecule will belong to
one of the following three categories: Raman active, infrared active, or silent [163|. There
are fundamental differences between Raman and IR active modes such that there is a
rule of mutual exclusion between their excitation. It is found that for simple molecules

(possessing a centre of symmetry), vibrational modes can be Raman or IR active but not
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both (they can still be neither). This does not hold for more complex molecules without a
centre of symmetry such as proteins where modes can be active in both. For a transition
to be Raman active there must be a change in the polarisability of the molecule during the
vibration (i.e. it must be polarisable). It has been observed that molecules with a strong
dipole moment are typically hard to polarize. Group theory allows the prediction of Ra-
man and IR active modes in molecules and crystals such as fullerene and MoS 2 [166, 167].
In practice, Raman spectroscopy is a scattering method (a grating is used to disperse the
emitted photons based on their energy) whereas IR spectroscopy is an absorption method
where the transmitted photons are detected.

In Raman spectroscopy, a monochromatic light source (laser) is used to excite the
specimen, and emitted photons are collected with a lens. A grating is used to separate
photons for collection based on their energies. A spectrum is thus produced which is a
measure of the Raman shift. A typical Raman spectroscopy tool is limited in resolution
by diffraction, meaning that signal is typically collected over a range of about 1 pym in the
sample. This technique benefits from a high throughput and a typically low capacity for
specimen destruction.

Since the detected vibrational modes arise from molecular vibrations, they might be
expected to possess well defined intervals in their energy levels in accordance with quantum
theory, represented by perfectly sharp peaks in the Raman spectrum. However, such
peaks are affected by the environment of the vibrational modes including factors such as
proximity to and density of defects, species adsorbed to the surface, strain, doping state,
temperature etc. The observed shape in a spectrum is the sum of the vibrational modes,
all of which are affected by their environment. In practice, functions must be fitted to
peaks to account for this variation over the collection region and overlapping peaks often
need to be separated.

An additional application of Raman spectroscopy besides characterising defects, strain
etc. in the context of 2D materials is the identification of different layer numbers, for
example graphene [26, 65| and MoS [11, 28]. Changes in layer number can also give rise
to previously inactive vibrational modes such as the shear mode (SM) and layer breathing
mode (LBM) which occur only in multilayer MoSy [108, 168]. Similarly, changes in defect
density can give rise to defect-activated peaks such as the D peak in graphene and LA(M)

peak in MoS9 which cannot be detected in the pristine monolayer forms of those materials.
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Figure 4.2: Data treatment in Raman spectroscopy. (a) shows both Lorentzian (red) and
Gaussian (black) distributions with the same height, centre and FWHM. (b) shows a sam-
ple Raman spectrum as initially acquired and after the removal of the broad fluorescence
background. The remaining spectrum is flat in the absence of local peaks and is easily

analysed by fitting peaks to it [170].

full width at half maximums (FWHMs), intensity ratios and peak positions of peaks can
all be changed by ion irradiation since it is expected to influence many characteristics of
the subject 2D material including local strain, inter-defect distance and thickness. This

makes Raman spectroscopy an invaluable tool in this work.

Fitting to the peaks in a Raman spectrum usually involves a Gaussian distribution
(typical in solid materials, features a curving centre and abrupt tails) or a Lorentzian
distribution (typical in fluid materials due to dephasing, features a sharper centre and
longer tails). Examples of these distributions are shown in figure 4.2(a). The key figures
of merit for a vibrational mode in a material are thus the FWHM, centre (i.e. position)
and height (i.e. intensity). There are many ways in which the quality, environment etc.,
of a material can affect these characteristics of its Raman peaks. For instance, narrower

peaks typically correlate with better crystal structure [169].

Raman spectra may also contain signals due to fluorescence where vibrational transi-

tions are coupled with an electronic transition. Since the peaks from a fluorescence signal
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4.2 - Low Frequency Raman Spectroscopy of MoSs2

are very wide on a Raman spectrum, removal of this signal through background subtrac-
tion or curve fitting is a necessary but also very simple process (shown in figure 4.2(b)),
possible in many software packages [171, 172|. Fluorescence is common in the spectra of
electron and ion-irradiated materials because of beam-induced deposition (BID) of amor-
phous carbon.

Raman spectroscopy was carried out on graphene with a Horiba Jobin-Yvon LabRA M-
HR (A.—633 nm) laser with a 1200 lines/mm diffraction grating and a 100X objective
aperture (NA—0.66). There is a small artifact peak at ~2330 cm™! apparent in the spectra
corresponding to the Ny molecule in the environment. These spectra were acquired from a
single point for each irradiated region. 10 acquisitions, each of 1s were made and averaged.

For MoS2, Raman spectroscopy was performed with a WITec alpha 300R tool with a
laser wavelength of 532 nm, a 100x objective (NA-—0.95) and a 1800 lines/mm diffraction
grating. These spectra were acquired from the desired region by averaging the relevant
area of an acquired Raman map with a spectrum at each point [173]. Maps were generated
by taking four spectra per pym in both x and y directions over large areas.

For both materials, the laser power was around 1 mW or less to minimise damage to
the samples and the laser spot size was ~0.7 pym for the Horiba Jobin-Yvon and ~0.3 ym
for the WITec alpha 300R.

4.2 Low Frequency Raman Spectroscopy of MoS;,

I regime is often referred to as the low fre-

In Raman spectroscopy, the <50 cm™
quency/wavenumber part of the spectrum [168]. Typical Raman spectrometers cannot
detect these energies without a specialised filter because they are very close to the Rayleigh
line. 2D materials exhibit vibrational modes in this low frequency regime due to interlayer
vibrations. The interlayer SM and LBM in MoS; are prime examples of this. The SM is
composed of the in-plane motion of metal and chalcogen atoms, while the LBM involves
the out-of-plane motion of metal and chalcogen atoms, illustrated in figure 4.3 [83, 174].
It must be noted that these peaks do not occur in monolayers since there can be no
interlayer vibrations.

Owing to the relative difficulty in obtaining spectral data in the low-frequency region,

low-frequency Raman spectroscopy has been the focus of just a few studies thus far.
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Figure 4.3: Low frequency Raman spectrum and peak intensity map of the layer breathing
mode of 2L MoSs. (a) Low frequency Raman spectra for several different layer numbers
in MoSs. (b) Peak intensity map of the LBM for 2L MoS; at ~40 cm™! [168]. (c¢) Graphic

showing the direction of vibration for the LBM and SM respectively.

With increasing opportunities for preparing heterostructures with different layered TMDs,
the low-frequency modes are very useful for directly measuring interlayer coupling in 2D
materials [175]. Recent studies have shown the appearance of a new LBM and suppression
of the SM in stacked MoS3/molybdenum diselenide (MoSe3) and MoS; /tungsten diselenide
(WSesy) heterostructures whose frequency decreases with increasing stacking mismatch
angle [175, 176]. Investigation of the low-frequency SM and LBM has been suggested as
a far more powerful and versatile method of determining layer number in TMD materials
than conventional Raman spectroscopy as shown in figure 4.3 [108, 111, 168, 177|. Mapping
these modes gives a very clear picture of layer numbers present in MoS,. Zhang et al. found
that twisting significantly alters the interlayer stacking and coupling, leading to notable
frequency and intensity changes of the low-frequency modes [111]. In contrast to the
low-frequency interlayer modes, high-frequency intra-layer Raman modes are much less
sensitive to interlayer stacking and coupling [111].

For the purpose of measuring these modes, a special low energy filter (rayshield coupler)
was employed on the above-mentioned WITec alpha 300R tool so that the low frequency

Raman modes could be observed clearly [168].
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4.3 Photoluminescence Spectroscopy

Luminescence is the emission of visible light caused by the relaxation of an electron from
an excited state to a ground state. Photoluminescence occurs in the case where the
electron is excited by incident light of energy larger than the material’s band gap. This
absorption creates an electron-hole pair in the conduction and valence bands respectively.
When energy and momentum relaxation occurs, the electron and hole recombine with the
emission of a photon.

Although the fundamental interaction is very different to that of Raman, both an-
alytical methods share a typically non-destructive interaction in which the specimen is
illuminated with monochromatic light. PL is extremely useful in the analysis of 2D mate-
rials including MoSy and WSy because of its dependence on crystal structure/quality and
layer number [178, 179|. In this thesis, PL spectra were acquired using the instrument also
mentioned above for Raman spectroscopy, the WITec alpha 300R. A 532 nm excitation
laser with a power of <1 mW was used in order to minimise sample damage. A spectral
grating with 600 lines/mm was used for PL measurements. Maps were generated in the

same way as for Raman.

4.4 Microscopy and Resolution

The highest useful magnification in any microscope is constrained by its resolution limit.
If the resolution of a microscope is limited by the diffraction of its probe particle (i.e.
photons, electrons, ions) then it is said to be diffraction-limited. The process of resolving
two adjacent features is therefore constrained when the first diffraction minimum of the
image of one source point coincides with the maximum of another. This is a restriction
which is better known as the Rayleigh criterion which can be mathematically stated thus:
s 0.614

T nsin(6) &)

where r is the minimum resolvable distance between two objects, A is the wavelength

of the probe, n is the index of refraction of the media surrounding the two points and
0 is the half-angle between the optical axis and the furthest light that exits the lens. In

approximate terms, this means that the resolution limit is about one half to one third of the
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wavelength of the imaging particle. Thus the best achievable resolution in a conventional

OM is approximately 200 nm (depending on the lens quality).

4.5 Scanning Electron Microscope

The most widely used category of electron microscope is the SEM. The principles behind it
are broadly similar to those of the GIM. In SEM, electrons are provided by the electron gun
and a beam is conditioned by a system of electromagnetic condenser lenses and apertures
in the electron column. At the bottom of the column, deflection coils allow the periodic
scanning of the beam and the objective lens focuses the beam to a sharp probe. The
specimen is thus investigated by a finely focused and rastered beam of electrons (see
figure 4.4).

Secondary electron (SE) or through the lens (TTL) detectors are among the most
commonly used to collect signals from each pixel in the rastered pattern although other
detectors of various types are available [181, 182|. The attainable image resolution greatly
surpasses that of OM since it is not limited in practice by diffraction. This is because of
the short wavelength of the high energy electrons (of the order of pm at an energy of 30
keV). Resolution of high end SEMs now approaches 0.5 nm [182]. In addition, a host of
other analytical techniques are available in many SEMs including: cathodoluminescence
spectroscopy (CLS), EDX, secondary electron spectroscopy (SES) and more.

The most common detectors used in both GIM and SEM involve the collection of
electrons which emerge from the specimen. When primary beam electrons backscatter from
within the sample they are labelled backscattered electrons (BSE). Secondary electrons
are generated by inelastic scattering on the atomic core or on the electrons of the atomic
shells of the sample material [182]. SEs are low energy electrons (<50 e€V) which are
typically divided into categories labelled type 1 (SE;), type 2 (SE3) and type 3 (SEj3)
[181]. SEs generated by the incident beam are designated SE ;. Since SE;s are generated in
extreme proximity to the incidence of the primary beam, they convey very high resolution
information [181, 182|. SEss are produced by plural scattering such as by BSEs which
excite the sample electrons on their way back to the surface. Since SE; signal strength
depends on the amount of BSEs generated they contain information about the volume

from which the BSEs originate, a volume which is typically much larger than the range
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Figure 4.4: Outline of a scanning electron microscope

from which SE;s are produced. After leaving the sample and if not intercepted by a
detector, stray BSEs can also generate SE3s which are emitted from the interior surfaces

of the specimen chamber and therefore do not contain any useful information.

The TTL or inLens detector in many modern SEMs is positioned above the objective
lens and detects directly in the reversed beam path. The SE electrons are re-accelerated
and focused through an electromagnetic field to the detector where they hit a scintillator.
The information is multiplied in a photomultiplier and then output as a signal which is
then electronically utilised. This detector is optimised for the collection of SE s meaning
that it produces highly resolved images. The topographic information is not typically
dominant due to the top-down viewing angle. However, since the SEs signal is highly
surface dependent, this is typically the superior choice of detector for most applications

involving 2D materials.

The Everhart-Thornley (ET) or SE; detector is common to both the SEM and GIM.
It is mounted outside the pole piece and therefore views the specimen at an angle to the
incident beam. For this reason, it provides a great deal of topographic contrast such as
with surfaces angled towards the detector appearing brighter and other shadowing effects.
A biased collector grid surrounds the detector to attract electrons and enhance the signal.
The bias can usually be changed to reduce the detection of SEs although the higher energy

BSE signal is not altered. Electrons moving to the detector are absorbed, accelerated and
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directed to a scintillator. Flashes are directed through a lightguide and transferred to a
photomultiplier and hence converted to electronic signal. Compared to the TTL detector,
it receives many BSEs which provides a great deal of material contrast because of the
dependence of BSE production on atomic mass.

Since SEjs possess a lower average energy than SEss it has been suggested that the
collector cage of many ET detectors acts to filter out this SE; signal by trapping the low
energy component on the wires of the cage [183]. Since the TTL detector is comparatively
very dependent on low energy SE;s, images it produces are thus highly sensitive to the
specimen work function.

Two models of field emission SEM were used in this work a Zeiss Supra and a Zeiss
Ultra, both manufactured by Zeiss Microscopy GmbH, Jena, Germany. Both are essentially
identical in typical operation and equipped with SE and TTL detectors. Both also employ
a Gemini column allowing high performance operation at energies from 30 keV down to
even below 1 keV. The Zeiss Ultra was also equipped with a transmission mode scanning
electron microscopy (TMSEM) detector mentioned in appendix A. The highest pressure
at which SEM was performed was 2 x 107 mbar although typically the vacuum reached

1 x 1075 mbar.

4.6 Transmission and Scanning Transmission Electron

Microscopy

With a far greater resolving power, TEM and STEM are used in this work to provide
images of the highest resolution. Both use a beam of electrons with typical energies far
higher than those used in scanning electron microscope (SEM) (60-300 keV in typical
modern tools). The beam must pass through a sufficiently thin specimen, fortunately not
difficult in the case of 2D materials. In TEM, the electrons travel in a parallel beam and
in STEM the beam is convergent on the plane of the specimen. An illustrative outline of
both systems is provided in figure 4.5.

The formation of images from TEM is built upon complex contrast mechanisms in-
cluding mass-thickness contrast, diffraction contrast and phase contrast. Amongst the

specimen related variables affecting the contrast in an image are the atomic mass, crystal
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structure and thickness. Some of the instrument related variables include the defocus,
selection of objective aperture and angle with respect to the specimen. A high resolution
image of a crystalline material depends heavily on phase contrast such that the resulting
image will have a great degree of periodicity in it. A calculation called a fast Fourier trans-
form (FFT) can be performed which creates a representation of the crystal in reciprocal
space. The FFT of an image is essentially analogous to the electron diffraction pattern in
that the central spot corresponds to the direct beam and the surrounding spots represent
diffracted beams. As such, the intensity ratio of the central spot to one of the diffraction
spots can be used as a measure of crystallinity in that a lower value corresponds to better
crystallinity [184].

In STEM the electron beam is focused into a convergent probe which is focused at
the plane of the sample and rastered in a rectangular pattern much like in GIM and
SEM. The contrast mechanism of STEM is much more straightforward for interpretation
being dependent only on thickness and mass. Electrons are deflected by elastic nuclear
interactions (Z dependent) to high angles. A HAADF detector is commonly used which
can resolve the atomic structure of a sample in an easily interpretable image. A column
of atoms produces an intensity which (in a thin specimen) is directly proportional to the
number of atoms in the column [184].

The TEM and STEM reported in this thesis was all performed using an FEI Titan
60-300.

4.7 Energy Dispersive X-ray Spectroscopy

Chemical analysis is possible in many types of electron microscopes. There is a wide variety
of methods including CLS, EDX and electron energy loss spectroscopy (EELS). In this
work, EDX was very useful to measuring stoichiometric changes in MoS. This analysis
was performed primarily in the above-mentioned FEI Titan 60-500. During electron beam
irradiation of a sample, core electrons are excited to unfilled higher energy levels. In
relaxing to their ground state, these electrons emit X-ray photons of an energy which
is characteristic of the atomic species. Many of these photons within the microscope
chamber reach a semiconductor based detector where the X-ray energy is converted to a

voltage signal. Processing of the acquired spectra can provide very localised stoichiometric
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Figure 4.5: Outline of a transmission electron microscope (left) and a scanning transmis-

sion electron microscope (right) [184].

information. The EDX reported in this thesis was all performed in the FEI Titan 60-300

stimulated by an electron beam of energy 300 keV.
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Chapter 5

Modifying Graphene by Charged

Particle Beams

N this chapter, two methods will be demonstrated for the precise modification of
I graphene. A focused, low-energy (5 keV) electron beam was used to locally activate
etching of a graphene surface in a low pressure (0.3 Pa) Ny environment. To date there
has been a basic understanding of the etching mechanism. However, to enable it as a
widespread technique a more fundamental model is required. In this work the etching
was systematically investigated as a function of the different parameters which could be
controlled, i.e. beam dwell time, nitrogen gas pressure, beam current and sample tem-
perature. The method allows the flexible and efficient fabrication of nanopores with sub
5 nm diameters. Nanopore growth rates were investigated systematically. The effects of
nitrogen pressure, electron beam dwell time and beam current were characterised in order
to understand the etching mechanism and enable optimisation of the etching parameters.
A diffusion-based model is suggested to describe the spread of ionised nitrogen which de-
termines the nanopore growth rate. In addition, the application of this technique to other
material systems is both desirable and instructive. Etching of other 2D materials was
attempted as demonstrated with MoSs. The lack of etching observed supports a model of
a chemical reaction-based mechanism. The understanding of the etching mechanism will
allow more materials to be etched by selection of an appropriate ion species.

The second method discussed in this chapter uses high energy ion species for the de-

fect engineering of graphene. In chapter 2, the model developed by Lucchese et al. was
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described in detail which relates the inter-defect distance, defect size and several other vari-
ables to the ratio of the intensity of the D and G peaks in Raman spectra. In graphene,
the defect yield and the nature of defects introduced by He* and Ne™ species at 30 keV are
inferred from Raman spectra using established models [26, 27, 71]. While a comparison of
defect sizes introduced by energetic noble gas ions in graphene has been performed using
molecular dynamics, this is (to the authors’ knowledge), the first experimental compar-
ison for graphene. It is also one of very few reports to distinguish between supported
and freestanding graphene since the measured properties are highly influenced not only
by quality, but also by environment [185, 186|. The effect of the environment on the

fabrication process must also be quantified [113].

5.1 Electron Beam-Induced Nitrogen Etching

A graphene sample was prepared by collaborators ( A. O’Neill, J.N. Coleman, TCD) by
sonicating pristine graphite in isopropanol for 48 h. After sonication, the sample was
centrifuged at 2,000 rotations per minute (RPM) for 45 min to remove large pieces of
graphite that did not fully exfoliate. The resulting supernatant was decanted and retained
for further use. The dispersion quality was previously reported by O’Neill et al. [56], with
flakes typically 1 gym in length and with thicknesses of less than ten layers, as confirmed
by AFM and Raman mapping. MoS, flakes were also produced by the same collaborators
using a similar method, MoS2 powder was sonicated in N-methyl-pyrrolidone (NMP) as
described by O’Neill et al. [187]. The dispersions were dropped onto a lacey carbon TEM
grid and allowed to dry naturally in air.

For the etching rate experiment (figure 5.4) graphene flakes of a known thickness
were required. These samples were prepared by Dr. Yangbo Zhou by micromechanical
exfoliation onto a 300 nm SiOs layer on a Si substrate. Flake thickness was confirmed
by optical contrast [188]. An optical image of the flakes before transfer can be found in
appendix B. The flakes were then stamp transferred to a holey carbon film on a TEM
grid. The transfer process is described in detail in [189]. In each etching experiment the
electron beam was focused onto a spot of ~5 nm on the surface of the graphene flake. A
nitrogen flux was delivered directly to the region of the beam-sample interaction through

a nozzle. The flux was adjusted by monitoring the gas pressure in the SEM chamber. The
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(b)

(d)

Figure 5.1: SEM images of electron irradiated graphene with and without nitrogen gas.
(a) Four spots of beam deposited carbon before the nitrogen gas was introduced, each
produced with different beam dwell times (beam energy 5 keV). (b) Three partially etched
regions. The arrow indicates the direction of elongation of the features. (c) SEM of a
graphene flake before etching. (d) Four holes etched into the flake from (c). Inset is the

binary image used to measure the pore sizes. Scale bars are 100 nm.
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varied parameters were nitrogen pressure, electron beam dwell time, beam current, and
sample temperature. The etching of the graphene was studied by measuring the area of
material removed from each exposed region after the experiment. This etched area was
calculated by taking an image of the flake in the SEM and converting it to binary, i.e.
black and white, using imagej [190]. A histogram of the area was then used to find the
size of the holes etched in the material (see appendix B). TEM imaging was performed in
an FEI Titan 60-300 operating at 300 kV with a low (<1 nA) beam current.

SEM images of typical freestanding flakes of few layer graphene (FLG) (typically less
than three layers) are shown in figure 5.1. For a 5 keV beam with a beam current of 50 pA,
deposition of carbon contamination was observed to occur before introducing nitrogen gas
into the chamber. The contamination appeared as bright circular features in figure 5.1(a),
four of which (each created with different beam dwell times) are shown. The contamination
grew in size as the dwell time increased. The nitrogen gas flow was then turned on. Partial
etching of three areas on a thick flake (>10 layers) is shown in figure 5.1(b) with a beam
dwell time of 180 s at each point. The elongated shape of the etched areas indicates
sample drifting, which is typically approximately 0.2 nm/s in these experiments. This
shape was observed because the rate of etching was not high enough to etch through all of
the layers of the sample before the area drifted out of the region of the beam probe. This is
typical of thicker flakes (>10 layers). Fabrication of the smallest pore sizes requires either
a thinner sample or a higher etching rate be used, or both. FLG flakes were selected for
the etching experiments; they were identified using TMSEM. Figure 5.1(c) shows one such
flake before etching. Four different pores were successfully etched through the flake, as
shown in figure 5.1(d). There is some variation in the pore shapes, most likely due to the
profile of the beam not being perfectly round and minor surface contamination variations.
The average pore size is 14 nm + 1 nm (measured from the inset binary image) showing
the high level of pore size reproducibility achievable by this method.

Figure 5.2(a) shows an example of one of the smaller pores which can be etched; this
pore has an average diameter of 4.5 nm as measured from the TEM image. Pores of this
size can be etched in FLG within a few hundred milliseconds (5 keV e-beam energy, 150
pA e-beam current, 300 mPa No pressure). This is an order of magnitude faster than the
TEM for similar pore sizes [191, 192]. Figure 5.2(b) is a high resolution TEM image of the

region beside an etched pore. The edge of the pore can be seen at the bottom of the image.
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(b) (c) & (d)

Figure 5.2: TEM images of electron beam-assisted nitrogen etched graphene. (a) TEM
image of an etched pore with an average diameter of just 4.5 nm. (b) TEM image of the
area beside an etched nanopore. (¢) The FFT of the top left area in the blue box in (b).
The spots showing the good crystal structure are circled. (d) The FET of the bottom

right area in the yellow box in (b). The spots were not observed in this image.

Annealing could be used to recover the crystal structure at the pore edge if required. In
TEM nanopore milling damage is usually seen at the pore edge. In situ annealing has
been used to recover the graphene structure after irradiation [192]. The crystal structure
surrounding He* fabricated nanopores has not yet been assessed.

Investigation of the effect of the various etching parameters is required both to control
and optimise the etching rate, and to understand the mechanism by which the etching
occurs. The effect of the nitrogen gas on the etching was assessed by varying the pressure
of the nitrogen gas in the system. The e-beam dwell time was set to 30 s. The dwell time
refers to how long the electron beam probe was left focused on a single spot on the sample.
Five adjacent regions on the same flake were irradiated at different gas pressures. Images
to show the effect of the exposure at 55 pA beam current are shown in figure 5.3(a) with
the lowest gas pressure at the bottom. In figure 5.3(b), with a fixed beam current of 55
pA (black squares), effective etching only occurred when the nitrogen pressure was higher
than ~200 mPa. Hydrocarbon contamination was observed at lower pressure settings. The

deposition is expressed as a negative etching rate in figure 5.3(b). The increasing nitrogen
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Figure 5.3: Etching and deposition rates as a function of beam current. (a) An example
of the deposition and etching observed at 55 pA beam current is shown. (b) At the lowest
beam current (55pA, black squares) hydrocarbon contamination was initially observed.
Upon increasing the nitrogen gas pressure the deposition was observed to be suppressed
and etching then began to dominate. The etching rate was observed to be increased at
higher beam currents of 70 pA and 700 pA. In all cases the rate of etching grows with

higher gas pressure.
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pressure was observed to suppress hydrocarbon contamination and enhance etching. The
experiment was then repeated with larger beam currents. At a beam current of 70 pA
(red circles in figure 5.3(b)) deposition of contamination at low nitrogen pressure was
not observed. At 700 pA (blue triangles) etching was again observed to occur, but at a
faster rate. In all cases the etching rate was observed to increase with increasing nitrogen
pressure. It was found that the etching rate was linearly dependent on the nitrogen
pressure within the experiments. For the following experiments the nitrogen pressure was

fixed to approximately 300 mPa.

The beam dwell time effect was studied by observing the amount of material etched for
a range of dwell times. A fixed nitrogen pressure (~300 mPa) and beam current (~180 pA)
were used. The experiment was conducted on two flakes, a single layer and a ten layer thick
flake. An image of the etched flakes can be found in appendix B. As shown in figure 5.4,
the etched areas of the two flakes both increased as the dwell time was increased until
eventually reaching saturation. However, the area etched for a given time is different for
the one layer and ten layer thick samples. This difference can be attributed to the different
thicknesses of the flakes used and it indicates that the number of layers in the flake had
an effect on the etching rate. The ten layer thick sample required longer to etch than the
single layer sample. The data, of sigmoidal shape, was found to be well fitted with the error
function as shown in figure 5.4. This was chosen since nitrogen, excited by the electron
beam, is expected to propagate with diffusion characteristics. Diffusion equations dictate
that there is an exponential decay in the concentration of ionised nitrogen molecules with
increasing distance from the electron beam. This mechanism would therefore cause the
pore growth rate in a line to decrease exponentially with increasing distance from the
beam. This is due to a reduced availability of the etching species (nitrogen ions) with
increasing distance from the source (electron beam). This becomes analogous to diffusion
with time in one dimension which is solved by the complementary error function.

The effect of the beam current on the etching rate was investigated. Initially at a very
low beam current range, 10 pA - 40 pA, figure 5.5(a) the deposition of contamination
was observed, graphed as negative etched area. When the beam current continued to be
increased etching was seen to dominate. The etching rate then increased as the beam
current continued to be raised. In figure 5.5(b) a further increase was observed in the

etching rate with larger beam currents (~300 pA).
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Figure 5.4: The area of graphene etched as a function of electron beam dwell time. A
longer etching time leads to a larger pore, until a saturated value is reached. A large
difference in etching rates was observed for different thicknesses. The ten layer sample
has a lower etching rate than the single layer sample. The data was fitted with the error

function.

From these results it was observed that deposition of carbon based contamination
is always a competing process to the etching. This deposition can be overcome with a
sufficiently high etching rate. The etching rate can be increased by raising the pressure of
the etching gas, by increasing the electron beam current, by reducing the thickness of the
sample, or by reducing the electron beam energy (with a trade-off in electron beam size) as
shown previously [143]. Once etching has begun, the area of the nanopore will grow with
time. The pore growth rate will be observed to decay exponentially. This is due to the
diffusion of the ionised nitrogen molecules. The nitrogen is directly ionised by the electron
beam. The electron beam has a diameter of ~5 nm. We investigate pores with a diameter
larger than this value to eliminate the effect of direct electron beam interaction with the
sample. In this regime the nitrogen ions diffuse from the electron probe and interact with

the reactive dangling bonds of the carbon atoms at the nanopore edge [193].
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Figure 5.5: Nitrogen etching rate as a function of beam current (a) The transition from
deposition to etching at higher beam current is observed. (b) A higher rate of etching

occurs with increasing beam current.

The nanopore growth rate observed in figure 5.4 clearly exhibits exponential decay, to
be expected from a diffusion model. An investigation into the temperature dependence
of the etching rate was undertaken. A stage with greater stability and a greater range
of temperature control is required for a more complete investigation. We were limited to
a sample drifting rate of ~80 nm/s and a temperature range of -25 to 50°C. With these
limitations we were not able to determine the effect of temperature on the etching rate in
a quantitative manner. The results can be found in appendix B.

The nitrogen gas-assisted electron beam etching technique was developed using
graphene. This technique would have a much broader appeal if it could be applied
to a range of materials. Therefore, etching of a few-layer flake of MoS, was attempted.
Figure 5.6 shows a flake of MoS9 after an attempt at etching. The electron beam was
focused on a point within the red box. The beam energy was 5 keV, the beam current
was 150 pA, the nitrogen gas pressure was 380 mPa, and a significant dwell time of 300
s was used. No observable etching occurred. This result was attributed to two factors.
Firstly, each layer of MoSy is three atoms thick, unlike the single atom thick graphene.
As was observed earlier, the thickness of a sample substantially affects the rate of etching.

Secondly, the MoSo sample consists, in part, of a heavy metallic element which does not
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Figure 5.6: MoSy flake after an etching attempt with nitrogen gas. No observable etching

occurred.

react with nitrogen to become a gaseous species which evaporates from the sample. This
result indicates that the selection of an appropriate etching gas is essential for producing
the necessary etching reaction. For MoSs, xenon difluouride (XeFs) has been shown to
be an effective etching gas [194]. It must be determined if a gaseous product exists when
assessing the applicability of this etching technique to new materials. It was also found
that contamination was not deposited on the MoSso flake. Any deposited carbon would

have been etched by the nitrogen ions.

5.1.1 Summary

A technique to controllably fabricate sub 5 nm nanopores in graphene with a low energy
electron beam has been demonstrated. This method overcomes the limitations suffered by
many other techniques, providing high spatial control of the etching [194]. A systematic
investigation of the effects of the different parameters in the system was undertaken in
order to understand and optimise the etching process. These optimised parameters were
used to efficiently etch nanopores with uniform sizes and precise positioning into a flake

of graphene. A model which is supported by our data was established. Ionised nitrogen
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molecules generated by the electron beam diffuse away from the beam resulting in an
exponentially decaying etching rate. A preliminary investigation into the temperature de-
pendence of the etching was undertaken. However, further work is required to understand
its contribution. MoSy etching was also attempted; the lack of etching observed served
to further confirm our model which states that a chemical reaction is required for this
etching mechanism to occur. This method will facilitate the fabrication of materials with

controlled properties for nanodevice applications.

5.2 Defect-Engineering by He" and Ne™ Irradiation

CVD was used by collaborators (G. Duesberg, Y. Zhou, TCD) to grow the graphene
sample which was then transferred to a Si substrate as outlined in the literature [113].
The ORION NanoFab microscope was used to irradiate arrays of 5 X 5 g m regions in
graphene with He* and Ne" at an energy of 30 keV and at an angle of incidence of 0°.
These regions received doses ranging from 1.5 x 10! to 1 x 10'% Ne* cm™2 or 1 x 10'3 to 1
x 10" He* cm™2. The regions were found using low dose, low magnification He* imaging.
He" was chosen to minimise damage to the sample and utilise its superior imaging quality.
A low dose was carefully ensured (less than 1 x 10'9 He* ¢cm™ total from imaging). Once
the desired region was located on the specimen, the desired ion species was selected. The
beam was slightly defocused to ensure a uniform distribution of ions and the sample was
irradiated at the desired dose. A 1 pA beam current and 10 nm pixel spacing were used.
The beam dwell time at each pixel and/or the number of repeats at each position were
varied to achieve the desired dose.

Raman spectra were acquired from each irradiated region and from a nearby non-
irradiated region for reference. Peaks in the Raman spectra of graphene were fitted with
Lorentzian functions using the fityk software package as these were found to fit the spectra
most closely [172]. Error bars, where used and unless otherwise stated, are the largest of
either the instrumental (1 cm™!) or the fitting error as acquired from fityk which uses a
weighted sum of squared residuals to measure agreement between the fit and the data
[195].

In figures 5.7(a)-(d), four sets of Raman spectra, with intensity as a function of Raman

shift are presented in each. The spectra obtained from the non-irradiated regions of both
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Figure 5.7: Representative selection of irradiated CVD graphene Raman spectra. The
sample was excited by a 633 nm laser and irradiated with ions at 30 keV with a 0° angle
of incidence. (a) freestanding graphene irradiated with He", (b) supported graphene irra-
diated with He*, (c) freestanding graphene irradiated with Ne*, (d) supported graphene
irradiated with Ne®. The evolution of the spectra with increased ion dose is shown de-
scending from the top in black to the bottom in blue. The spectra are normalised to the

maximum of the G peak.
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Figure 5.8: Evolution of full width at half maximum of the G peak and intensity ratio in

graphene. (a) Evolution of FWHM of Lorentzian fits to the G peak, I'5, as a function of

dose for He* and Ne* for both freestanding and supported graphene. (b) The evolution

of the Ip/I; ratio of graphene with irradiation dose. A Gaussian function has been fitted

to each of the four data sets in this graph for illustrative purposes only.
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Figure 5.9: The 2D peak in graphene Raman spectra. (a) Graph of intensity of 2D over G
peak as a function of ion dose. It shows inconsistency between the samples used for He"
and Ne* not apparent in the Ip/Is ratio. (b) Graph of FWHM of 2D as a function of ion

dose.

supported and freestanding samples are shown in black and agree with values from the
literature for monolayer graphene as stated in chapter 2 [64, 66]. However, the spectra do
not represent completely pristine graphene. This variation is not expected to be important
Though

monolayer, the initial material is not of pristine quality. This is evidenced by the small

due to the magnitude of change affected by the ion beam being far greater.

D peak and the difference between the 2D peaks of the non-irradiated He* sample (figure
5.7 (a),(b)) and the Ne* sample (figure 5.7(c),(d)).
intensity of the 2D peak divided by that of the G peak as a function of ion dose. It shows

Figure 5.9 (a) shows a graph of

inconsistency between the samples used for He* and Ne* not readily apparent in the Ip/I
ratio. However, the peak was symmetrical and well fitted by a single Lorentzian in each
case. The starting material always had a 2D/G ratio of close to 2 or more, indicative of
monolayer - if slightly defective or strained - graphene. Figure 5.9 (b) shows a graph of
the FWHM of the 2D peak as a function of ion dose. A FWHM of ~30 cm™! is indicative
of monolayer graphene |64, 75|.

In each graph in figure 5.7, multiple spectra are shown, descending with increased
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Figure 5.10: The evolution of the Ip/I; ratio of freestanding and supported graphene with
Lp for (a) He" and (b) Ne*. The points represent experimental data and the lines are

from a non-linear fit of equation (5.3) [26].

ion dose. Evolution through the previously discussed stages is illustrated as follows: The
first spectrum (black) represents the non-irradiated graphene; the second spectrum (red),
represents the first stage (as defined in chapter 2), where the defect activated D peak
can be observed to have increased in intensity (w.r.t G band) at ~1322 cm™!; the third
spectrum (green) cannot be assigned unambiguously to a stage, but it is approximately at
the end of the first or the beginning of the second stage as evidenced by the D peak being
close to its maximum; finally, the fourth spectrum (blue) represents the third stage. Here
the highest ion dose was applied, and the Raman spectra have now been altered such that

the material is amorphous carbon with little to no remaining crystallinity.

The width of the G peak increases as a function of ion dose as shown in figure 5.8(a)
for both He* and Ne®. With increasing dose, the G peak is observed to consistently
broaden and decrease in intensity, representing an unequivocal increase in structural dis-
order. Given their increased mass, Ne® ions have an enhanced milling capability at the
incident surface compared to He*, and here the effect of using the heavier Ne* instead
of He" at the same energy is highly pronounced [129]. While the trends are similar, the

incidence of the Ne™ species causes evolution of the G peak to occur at ion doses which
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Ion  Graphene  ycsriMy Yomp)  @c(fin)
He* Freestanding 0.010  0.006 0.016

He*  Supported 0.137 — 0.027
Ne* Freestanding 0.236 0.156 0.414
Ne*  Supported 3uL5 — 0.965

Table 5.1: Sputtering yields and defect per incident ion values of carbon atoms in graphene.
Irradiation performed with He™ and Ne* at 30 keV and 0° angle of incidence for the four
different arrangements discussed in the main text. yc(srim) is calculated using SRIM, yeamp)
is calculated using the online simulation code from Lehtinen et al. and ac(fi) is calculated

from the fits shown in figure 5.10 [134, 196].

are lower by between one and two orders of magnitude.

Two reasons for this inconsistency and non-pristine behaviour are suggested. The first
is the inherent non-uniformity which is possible in CVD prepared graphene. Regional
inconsistency even for the same layer number is not unusual for the 2D peak of CVD-
grown graphene [63]. The second is the possible inconsistent levels of polymer residue left
over from the transfer process used in preparation. In either case, this inconsistency is not
expected to be dominant due to the magnitude of change affected by the ion beam being
far greater.

In figure 5.8(b), the evolution of the Ip/I; ratio against dose is displayed for both He*
and Ne" and for both freestanding and supported graphene. The three stages previously
outlined are observed. Ip/I; of the supported graphene is noted to rise faster and reach a
much higher maximum than the freestanding material. This is discussed further in relation
to defect sizes later. To aid the understanding of these results, the interaction of the ions
upon incidence with the specimen must be considered.

The sputtering yields of graphene were calculated using SRIM simulations (yc(sriam))
[131, 197]. SRIM is not expected to be quantitatively accurate for ion-nanomaterial sys-
tems where molecular dynamics is a superior, albeit far more computationally expensive
choice [34, 132-134]. In calculating the yield of carbon atoms from graphene, SRIM ac-

counts for those carbon atoms removed directly by the primary ion beam and those which

66



5.2 - Defect-Engineering by He* and Ne* Irradiation

Labels  Limit Initial Limit
Ls (nm) 1 < 2 < 5
rs (nm) 1 £ 06 = 5

Ca 76 < 108 < 141
Cs 087 =< 087 < 087
ac 000 < y < 2

Table 5.2: Initial fitting parameters for use with the modified version of the model devel-

oped by Lucchese et al.

Ion Graphene rs (nm) ry (nm) Lp (%)mu (nm) (%)m‘uL
He* Free 1.83 2.93 3.48 3.93
He*  Supp 0.68 2.81 2.75 6.47
Ne* Free 1.62 3.19 3.70 4.72
Ne* Supp 1212 3.02 3.28 5.64

Table 5.3: Key figures calculated from fitting the model developed by Lucchese et al.(as
in equation (5.3))[26]. rs is the average defect size, calculated from fitting equation 5.3 to

graphene experimental data as in figure 5.10.
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Figure 5.11: Graph of defect size (r;) against the maximum of the Ip/I; peak for each of

the four irradiation scenarios for graphene.

are removed by backscattered primary ions. The sputtering yields of both ions when inter-
acting with the sample (both freestanding and supported) are shown in table 5.1. The four
scenarios applied in experiment were also simulated: (i) freestanding, irradiated with He™,
(ii) supported, irradiated with He*, (iii) freestanding, irradiated with Ne*, and (iv) sup-
ported, irradiated with Ne*. As can be seen in table 5.1, the sputtering yields calculated
using SRIM for each ion are much larger for supported than freestanding graphene. The
effects of secondary atoms from the substrate and, to a lesser extent, ions backscattered
by it are thus expected to have a significant impact on the rate of defect introduction to
the graphene layer. Nonetheless, SRIM was used to provide initial estimates of sputtering
yields for an iterative fit of equation 5.3 to experimental data. Values calculated using
molecular dynamics are also presented in table 5.1. These were calculated from the work
of Lehtinen et al. who investigated the effects of different ion species on the incidence
of single vacancy, double vacancy and other more complex defect types in freestanding
graphene [134].

In the previous work of Lucchese et al., low energy (90 eV) Ar* ions were used to

alter Lp in graphene which was investigated using Raman spectroscopy [26]. This study
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provided a model with which to quantify defects in graphene. Cancado et al. expanded
the model to multiple Raman excitation energies [27]. In these studies, Lp was calculated
based on the expected density of defects, o, which is estimated from the irradiation dose,
2

S, in ions per nm~“. The approximation that ¢ = S was used which assumes a random

distribution of ions, yielding:|26, 28, 29|
Lp =1/\o (5.1)

This is a valid assumption for ions with a suitable cross-section for creating a single carbon
vacancy defect. The 90 eV Ar™ ions applied to graphene by Lucchese et al. are one such
example due to their relatively large mass and low energy. The vast majority of ions do
indeed interact with surface carbon atoms but due to the low energy can only remove one
carbon atom each. However, in this work the irradiation species are much lighter and at
much higher energies than those used by Lucchese et al., making this assumption no longer
valid. The dose used to calculate Lp must be corrected by the probability of creating a
defect (i.e. the number of D band active zones created per ion), ac, so that o =~ Sac and
thus:

Lp = 1/+/Sac (5.2)
ac is distinguished from the sputtering yield of carbon from graphene, yc, because not all
defects causing D band activation need necessarily be a vacancy. However, yc, is easily
calculated as a useful reference and is used as a seed value for ac in fitting.

This is a valid assumption for ions with a suitable cross-section for creating a single
carbon vacancy defect. The 90 eV Ar* ions applied to graphene by Lucchese et al. are one
such example due to their relatively large mass and low energy. The vast majority of ions
do indeed interact with surface carbon atoms but due to the low energy can only remove
one carbon atom each. However, in this work the irradiation species are much lighter
and at much higher energies than those used by Lucchese et al., making this assumption
no longer valid. The dose used to calculate Lp must be corrected by the probability of
creating a defect (i.e. the number of D band active zones created per ion), ac, so that

o =~ Sac and thus:

Ip _ (Lg + 2rsLs)

IG . A(Lg aF 2r5L5 w r52)

15 e-n(L§+2r5L5)/Lg] +Cs [1 _ e—mg/Lg] (5.3)
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The fitting of equation (5.3) was performed using the lsqcurvefit function in matlab. The
initial values and bounds for the parameters were informed from the literature and used
as in table 5.2 |26, 71]. yc as from table 5.1 was selected as a seed value for ac. Ca is
calculated from equation (2.2) with a relatively large margin of error at 10.8 +£3.3 for the 633
nm wavelength excitation source used here [27]. It was then found to consistently converge
between 7.6 and 8 so it was set at its lower bound of 7.6 and the fitting repeated. The

values shown in table 5.3 were obtained. rs was calculated from the relation ry = Lg + rs.

The fits of equation 5.3 are applied to the four data sets in 5.10(a) and (b), showing
the close agreement of the experimental data and the fitted equation. The values for
ac obtained by fitting, ac(fir), are shown in table 5.1 alongside their corresponding seed
values found using SRIM, yc(srimy, and those found using the molecular dynamics-derived
method of Lehtinen et al., for freestanding graphene only, ycmp) [196]. The sputtering
yield of He* on freestanding graphene has also been measured experimentally before using
a single pixel exposure to completely mill through a graphene layer [198]. The value
reported by Buchheim et al. is yo = 0.007, which is in close agreement with atomistic
simulations [198]. Given that this figure neglects defects that do not involve sputtering, it
is expectedly smaller than the value of ac obtained in this work. Similarly, in the case of
Ne* on freestanding graphene, we obtain a value of a¢ which is more than twice the value of
Yc from molecular dynamics. In freestanding graphene, the dominant defect introduction
process is expected to be the interaction of the direct ion beam. However, in supported
graphene this is in conjunction with defects introduced by low energy secondary atoms
which have been sputtered from the substrate. The obtained result, that ac is consistently
larger for supported than freestanding graphene, is thus in keeping with expectations.

It is noted that the maximum Ip/I; value is considerably higher for supported graphene
than for freestanding graphene. It is observed from equation 5.3 and demonstrated in figure
5.11 that there is a negative linear relationship between rs and the Ip/I; ratio. Depending
on many factors, but principally the irradiation species, energy and angle, we can generally
expect rs values between approximately 0.8 and 2.5 nm [29, 199]. It has been established
that larger incident species generally produce larger defects. [29, 134, 196] However, in
the freestanding case, rs is unexpectedly not found to be larger for Ne* than He*, despite
the very different ion mass. This He* behaviour may be related to a similarly unexpected

experimental finding by Gawlik et al. [199]. Also observable are the substantially higher
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Ion rs mg

He* 0.68 nm 4

Ne* 1.12nm 20.1

Ga* 1.6nm 69.7 [39]

Table 5.4: Comparison of three ion species at 30 keV. The average size of defects they

induce in supported graphene and their masses are compared.

values for rs for freestanding than supported graphene. Lehtinen et al. found that the
size of defects introduced by the direct ion beam typically increases with ion energy [134].
While the high energy interaction of the direct beam is expected to be causing large defects,
it also energises lower energy atoms which in turn produce numerous, smaller graphene

defect sites.

For supported graphene irradiated with 30 keV He™, rg has been found to be ~0.8-1 nm
[39, 74]. The value obtained in this work for He" is slightly smaller than previous reports
[39, 74]. Since the mass of Ne* is between those of He" and Ga*, by a simple argument,
it might be expected that the corresponding rs value would be similarly intermediate.
Although unclear in the case of freestanding experiments as previously discussed, this
is indeed true for supported graphene (. Ga*, also incident on supported graphene and
also at 30 keV, has been reported to create defects of r¢ = 1.6 nm [39]. Thus the trend
for supported graphene is clearly one of increasing defect size (with increasing ion mass,
mg, see table 5.4). It is proposed that the larger ion transfers energy more efficiently to
substrate atoms (the masses of Si and Ne are very close), and it is these atoms, being
more energised than their He" induced counterparts, which create larger defects in the
graphene layer. The variety of rs values obtained in this work suggest a variety of defect
types with different weighting in the four different experimental scenarios. Such defects
may include single vacancies, double vacancies, complex defects or amorphisation events
[134, 196]. It underscores the importance of choosing ion and substrate carefully for both

nanofabrication and defect engineering.

An assumption made in this work is that, in calculating the sputter yield, it is indepen-

dent of Lp. However, it is known that under-coordinated atoms are more easily displaced
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and this might mean that the ac values calculated in this work are likely too high for

pristine material and too low for defective material [200].

There is clear evidence that different maximum Ip/I; ratios are not caused by substrate
effects alone (using plasma to control Lp in this reference) [201].
There are other possible effects of the substrate; it has been reported to increase the
threshold displacement energy of atoms in graphene [136]. This effect should not have a
very large impact under the direct beam due to the much higher energy involved, but it
may be important for secondary atom interactions [202]. In addition, one experimental
report using Ga* found that single layer graphene on a SiO7/Si substrate was removed ~7
times slower than freestanding graphene [132]. However, since this study used scanning
electron microscopy rather than Raman spectroscopy, it did not measure the progression

of the crystal quality of the material with dose.

There is a stark contrast between the maximum transferable energy, T,,, of He' and
Ne®* to Si atoms. Calculated using equation 5.4, the values for He* and Ne* to Si atoms
are 13.1 keV and 29.1 keV respectively. Furthermore, SRIM gives average values of energy
transferred to sputtered Si atoms as 1.5 keV and 2.2 keV, respectively. This suggests that
Ne* is more likely to create sputtering cascades in the near surface region, with secondary
atoms of greater energy than thos induced by He*. This should greatly enhancing the
probability of creating defects in supported graphene and should also be responsible for

creating larger defect sizes.

4Mi My

T (M + My)? =

m

The simulation was used to track 100,000 He* or Ne* at an angle of incidence of 0°
into freestanding or supported graphene. The graphene samples were set up as a 0.35 nm
carbon layer (C density — 2.25 g cm™3). The supported graphene samples were also set up
to include a 700 nm Si substrate (Si density — 2.32 g cm~3). For freestanding graphene,
the atomic displacement threshold energy, T;, used was 23 eV. It is in good agreement
with values from a range of methods including molecular dynamics and first principles
calculations [203-205|. For supported graphene, T;—68 eV and the surface binding energy,
Epg—15 meV, were used as in other studies [44, 136, 206].
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5.2.1 Summary

The effects of He* and Ne* irradiation at 30 keV on graphene have been explored using
models applied to Raman spectra. We believe this represents the first experimental com-
parison of defect sizes produced in 2D materials by different noble gas ion probes. The
dose dependence of irradiation species and arrangements to inter-defect distance has been
established for graphene. In addition, a comparison of the sizes of the defects produced
demonstrates the effects of both ion species and secondary, substrate atoms in graphene.
The effects of substrate atoms on defect production and size are also highlighted as a con-
cern for nanofabrication technology due to the clear secondary atom effect. These results
will allow a substantially better informed and more precise defect engineering of graphene

which is both supported and freestanding.
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Chapter 6
Irradiation and Patterning of MoS,

N this chapter, the engineering by ion irradiation of MoS, was investigated, including:
I changes to Raman spectra for a variety of layer numbers; the preferential sputtering
of sulphur (and consequent effect on stoichiometry) and the localised tuning of resistivity
MoSs.

In chapter 5, noble gas ion beams were used for precise defect-engineering of graphene,
characterised by Raman spectroscopy. A model established a clear relationship between
the Raman spectra and the average inter-defect distance. A similar model is applied here
in the defect-engineering of monolayer MoSs. The first report of ion irradiation effects on
the low frequency (<50 cm™!) Raman modes of bilayer MoS5 is also provided as well as a

study of various effects on thicker (4-5 L) material.

By adjusting the He" ion dose, semiconducting, metallic-like, or insulating behaviours
were induced. Amorphous MoS, with metallic-like behaviour has been demonstrated for
the first time. A variety of irradiation methods were also developed for the high-resolution
patterning of nanoribbons and for the tuning of thickness in MoS,. Fabrication of MoS»
nanostructures with 7 nm dimensions and pristine crystal structure was also achieved.
The damage at the edges of these nanostructures was typically confined to within 1 nm.
This damage was also modelled using an array of Gaussian distributions. Nanoribbons
with widths as small as 1 nm were reproducibly fabricated. These micro and nanoscale
modification techniques are readily generalizable to various 2D materials and can alter a

wide range of material properties and geometries.
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Figure 6.1: Modification of few layer mechanically exfoliated MoSs crystal structure with
He" imaged in TEM. (a) and (b) show TEM images of irradiated MoS with low (1 x 10'3
He* em™2) and high (1 x 10'® He* cm™2) doses respectively. The scale bars are 2 nm in

length.

6.1 Structural Modification and Defect-Engineering

As discussed in chapter 4, Raman spectroscopy is a high throughput and usually non-
destructive optical technique which can be used to characterise the vibrational modes of
crystal structures. Chapter 5 showed the use of the model developed by Lucchese et al.
for relating the average inter-defect distance to the Raman spectrum of graphene [26].
To expand this study to reflect the wide variety of 2D materials being modified with ion
beams, similar experiments were performed with a variety of MoSy samples of different
layer number and prepared by different methods. However, since MoS has stoichiometric
amongst other complexities when compared to graphene, other experiments were also
performed.

Mechanical exfoliation of MoSy flakes was performed from bulk MoSs crystals (SPI
Supplies) on a Si substrate with a 285 nm oxide layer by the Scotch-tape micromechanical
cleavage technique. The layer thickness was identified using optical contrast and AFM.
Few layer samples (monolayer to trilayer) were selected for the experiment. The crystal
structure was directly observed by high-resolution TEM imaging of a freestanding me-
chanically exfoliated sample. The TEM used was an FEI Titan 60-300 operated at 300
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kV. The TEM chamber pressure was 40 yPa. For EDX mapping, the system was operated
in STEM mode. The STEM beam had a probe size of 0.5 nm and a probe current of 0.5
nA. A pixel spacing of 1.7 nm and an acquisition time of 1 s per pixel were used during
mapping.

Figure 6.1(a) shows the hexagonal structure of MoSy which has been irradiated with a
low He* dose of 1.00 + 0.02 x 10'® He* cm™2. In figure 6.1(b) at a He* dose of 1.00 + 0.02
x 10'® He* cm™ the hexagonal crystal structure was no longer observed so the sample
was amorphous. For a freestanding sample, a He' dose that is approximately one order
of magnitude greater is expected to be required to create the same irradiation effects as a
sample on a substrate [113]. It is clear from the Raman and TEM results that the crystal
structure of the MoSs was controllably amorphised by the He* irradiation process. This
combination demonstrates the ability of He" irradiation to alter the crystal structure by
defect introduction and material removal.

Another sample of MoS, was synthesised by collaborators (M. O'Brien, G. Duesberg,
TCD) using a previously reported CVD technique and regions of bilayer material were
identified by OM [207]. The thickness was confirmed by a separation of the Eég and Ay,
peaks of 21 cm™!, characteristic of bilayer MoSs [11, 112]. The effect of He* irradiation on
low frequency interlayer Raman modes was then studied. MoO 3 precursor substrates were
placed face-up in a ceramic boat with a blank substrate face down on top of this. This
was then placed in the centre of the heating zone of a quartz tube furnace, and ramped
to 750°C under 150 SCCM of Ar flow. Sulphur vapour was then produced by heating S
powder to ~120°C in an independently controlled upstream heating zone of the furnace,
and carried downstream to the MoO3 for a duration of 20 mins after which the furnace
was held at 750°C for 20 mins, then cooled down to room temperature.

Figure 6.2(a) shows the acquired spectra. Two peaks are found which are in excellent
agreement with the expected positions for bilayer MoS9 [108]. The first is the SM at ~22.5
cm™! and the second is the LBM at ~39.5 cm™!. It should be noted that for the 8 x 104
He* cm™ dose, there is an additional peak found at ~29 cm™. This is likely due to the
selected region not being made up of entirely bilayer MoSy. The presence of 3L or 4L
MoSs would result in a peak appearing near this position. Therefore, that region and
corresponding dose has been omitted from subsequent analysis.

Figure 6.2(b) shows the position of the two peaks as a function of dose. There is little
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Figure 6.2: Low frequency Raman modes in bilayer MoS». (a) shows the acquired low fre-
quency spectra with the two characteristic peaks labelled accordingly. (b) is the evolution
of the peak position with dose showing the red shift of both peaks. (c) is the evolution
of the widths of the two low frequency modes with dose. (d) shows the height of the two

peaks normalised to the E%g peak.
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significant observed change below a dose of 1 x 10'> He* cm™2 after which it appears that
both peaks begin to red shift. This is in good agreement with the literature where it has
been shown that biaxial strain present in suspended MoSg causes a similar shift of both
peaks in bilayer material [83]. That ion irradiation introduces local strain is already well
established from studies of the E;g peak [104].

Figure 6.2(c) shows the changing widths of the two peaks. In this case the lowest dose
at which a significant change is observed is 3.2 x 10'® cm™2. Both peaks are observed to
broaden at the highest dose, attributable to the general increase in disorder. Figure 6.2(d)
shows the heights of the two low frequency modes normalised to the E;g peak in the
normal spectral range. Interestingly, the intensity of the LBM is relatively constant with
respect to the E%g peak while the SM is clearly observed to diminish. Since the ion beam
is expected to introduce a large density of defects in the material, it is quite likely that
these defects affect the tribological behaviour of the interacting layers, restricting the SM
while leaving the LBM relatively unaffected. Previous reports of high energy ions and bulk
MoSs suggest strong effects on the tribological behaviour, in particular a greater friction
coefficient [208].

Figure 6.3(a) shows PL spectra from the same regions of bilayer MoS, as studied with
low frequency Raman spectroscoy. Figure 6.3(b) shows three of the highest doses replotted
for clarity. The PL spectra were acquired with a WITec alpha 300R using a 532 nm laser
with a power of <1 mW and a spectral grating with 600 lines/mm.

Absorption peaks are expected at 670 nm and 627 nm corresponding to the A and B
direct excitonic transitions respectively [9, 209]. While both are present, the B exciton
appears unusually weak in intensity compared to the A exciton. This could be caused by
several scenarios including the presence of some monolayer MoS, which has very high A
exciton intensity. This would cause the B exciton to appear relatively weak. Alternatively,
strain effects could be causing enhancement of the A exciton as has been noted for bilayer
MoSy before|83).

The A exciton peak intensity decreases with increasing ion dose, particularly in the
range between 8 x 10 He* em™2 and 1.6 x 10'® He* cm™2. It is finally undetectable at
the dose of 1.28 x 10'® He* cm™2. It also red shifts as shown in figure 6.3(c). This shift
in position is attributed to strain caused by ion-induced defects [209]. The B exciton peak

is extremely weak compared to the A peak and it also declines with increasing dose. Its
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weakness makes measuring changes to its position too inexact for comparison. Although
other forms of ion and plasma irradiation have been associated with increases in both
peaks, that is not apparent here [210, 211].

Another sample was prepared using the same CVD method and this time regions
of monolayer MoSy were identified. In figure 6.4, the characteristic E’ and A} peaks of
monolayer MoSy are marked by grey dashed lines. They are clear in the pristine spectra
(in black) and are in good agreement with the literature. The E’ peak, visible at ~383

I comes from the intra-layer, in-plane motion of Mo and S atoms with respect to

cm
each other. The A} peak at ~401 em™! comes from the intralayer, out of plane motion
of S atoms [11, 13, 84, 101, 106, 212|. The small separation of these two peaks (~18
em™!) is indicative of monolayer MoSs. With increasing ion dose, reductions in intensity
and broadening of these two characteristic peaks are observed. This reflects the growing
disorder which the ion beams create in the material. To examine the spectra in greater
detail, Gaussian peaks were fitted to the spectra and their parameters compared. The
evolutions of peak width and peak position of the E’ and A peaks are shown in figures 6.5
(a) and (b) respectively. Both peaks are observed to broaden with increasing disorder. The
onset of broadening occurs at a substantially lower dose for Ne* than for He*, although
the trend has a similar shape as expected. The most dramatic change with increasing dose
of both ions is the red shift of the E’ peak. This downward shift in energy is attributed
to the introduction of defects causing lattice distortion, reflected in the Raman spectrum
similarly to tensile strain [11, 104, 106, 111, 112, 135]. Changes in the position of the
Al peak are considerably lower in magnitude, although it does blue shift for some of the
higher doses used, as previously reported [28].

Figure 6.4 also shows the emergence of a new peak, particularly at high doses. This
peak, at ~226 cm™! in these spectra (dashed grey line), has been labelled as the LA(M)
mode [103]. Its fitting is discuseed in appendix D. Mignuzzi et al. drew an analogy between
the LA(M) peak in MoSy and the D peak in graphene as both are defect-activated and
when normalised represent a good measure of disorder [28].

Mignuzzi et al. used equation 2.3 to describe the effect of introducing defects on the
Raman spectrum of MoSs [28]. These ratios are shown for the He* and Ne* used in
this work in figure 6.6. This equation and the constants provided previously were used

to calculate the corresponding average inter-defect distance from experiment, Lpg), for
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Figure 6.3: Ion dose dependent photoluminescence spectroscopy of bilayer MoS,. (a)
shows the decline of intensity with dose. (b) replots the three highest doses from (a) for
clarity. The B exciton is relatively strong in these highly irradiated regions compared to
the pristine and low dose regions. (c) is a graph showing the changing position of the A

exciton peak with dose. (d) is the legend applicable to the graphs in (a) and (b).
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Figure 6.6: Evolution of the ratios of the intensity of the LA(M) peak to the intensity of
the E” and A} modes for both He" and Ne" irradiated monolayer MoS. (a) plots these
ratios against ion dose and (b) plots the same ratios but against Lp (the values of which

are calculated as described in the main text).

both peaks. The average value from both the E” and the A| peaks was then calculated for
each ion species. It is this value which is used on the x-axis of figures 6.5(a),(b) and 6.6(b).
In addition to the caveats associated with this equation previously discussed for graphene,
there is the compounding factor that MoS; is not a monoatomic material, suggesting a
more complex nature between its defects and its Raman spectrum. In addition, Mignuzzi
et al. make an implicit assumption that each ion causes one defect. However, unlike in
the work of Lucchese et al. where ions of much lower energy were used, this is not a safe
assumption for either the 25 keV Mn™ used by Mignuzzi et al. or indeed the 30 keV ions

used in this work.

Doses above approximately 5 x 10'® He* cm™2 or 5 x 104 Ne* cm™2 have resulted in
severe changes in the spectra to the extent that little or no resemblance is borne to the
starting material. This severe breakdown occurs at a Ne® dose which is between one and

two orders of magnitude less than that of He™.

83



Chapter 6 - Irradiation and Patterning of MoS»

6.2 Stoichiometry Tuning

To gain a better understanding of the effects of the He" irradiation process, chemical
composition analysis was performed using EDX. Doses from 1.00 + 0.02 x 10'6 to 1.60
+ 0.03 x 10% He* cm™2 were used to irradiate a mechanically exfoliated, freestanding,
few-layer MoSs sample. Suitable regions were identified using TMSEM as discussed in
appendix A. The irradiated region of MoS, is displayed in the HAADF STEM image in
figure 6.7(a). Each region (labelled from 1 to 15) was irradiated with twice the dose of the
previous region with a starting dose of 1.00 + 0.02 x 10'® He* cm™ at region 1. At doses
of 2.56 + 0.02 x 10'® He* cm™2 (region 9) and above milling was observed. EDX spectra
from each of the regions labelled 1-8 were recorded. The evolution of the stoichiometry of
the material with respect to the He* dose is shown in figure 6.7(b).

It was observed that as the He* dose increased to 107 He* cm™% (where the sample is
predominantly amorphous), preferential sputtering of sulphur from the sample occurred.
Intuitively it is clear why sulphur should be subjected to preferential erosion compared to
molybdenum. The mass of sulphur atoms is three times less than that of molybdenum.
Upon collision, He" transfers more energy to sulphur than to molybdenum. As in the
collision of spherical objects in classical mechanics, the closer the masses are, the more
efficient the exchange of energy is. The helium ion is much lighter than both sulphur
and molybdenum, but is still much closer in mass to sulphur than molybdenum. After
the collision sulphur atoms will have a lot more energy than molybdenum atoms. This
preferential sputtering of sulphur has been observed for both electron and argon ion beams
in the past [33, 213]. However, our technique enables localized stoichiometry modification
and regions with a range of stoichiometries were produced within a region of just a few tens
of nanometres. At doses above x 10'® He* cm™2 (region 9) complete removal of material

was observed for this sample.

6.3 Nanostructure Fabrication

For few-layer samples of MoSs, the interaction volume can be approximated to an inter-
action area. In this case, the He* probe size plays a crucial role on the lateral damage

extension and crystal structure of milled nanosystems. An experiment was designed in
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Figure 6.7: Stoichiometry alteration of a few layer MoSy flake by He™ irradiation. (a)
STEM image of a freestanding MoSy flake irradiated with 15 different He* doses. Each
region was irradiated with twice the dose of the previous region, starting with a dose of
1.00 + 0.02 x 10'® He* em™2 at region 1. Regions 9 (2.56 + 0.02 x 10'® He* ¢cm™2) and
above were milled. (b) Concentration of Mo and S for different He* doses as extracted

from EDX analysis. The error bars were obtained by the fitting of EDX data.
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(a) (b) (c)

Figure 6.8: HRTEM images of the edges of three regions in the same freestanding MoS o
flake milled with three different probe sizes. Edges milled with 12 + 1(a), 5.9 + 0.7(b), and
1.7 £ 0.2 nm (c¢) He" probes, respectively. The probe size is indicated by the red dashed
circles overlaid on each image. The white dashed lines approximately show the edge of

the amorphous region and agree well with the simulated values for the damage extension.

order to better understand the relationship between the probe size and lateral damage

extension in the material. This enables control of the width of the amorphous edge region.

As an example, defocus was used to adjust the probe size to 12 + 1, 5.9 + 0.7, and
1.7 £ 0.2 nm (details on the probe size measurement can be found in appendix E). In
figure 6.8, three different edges were fabricated on a mechanically exfoliated, freestanding
MoSs flake. Each edge was fabricated with a different probe size. Each probe delivered
the same dose of 1.90 + 0.04 x 10'® He* cm™2. The structure of each edge was imaged in
high-resolution TEM. Figure 6.8 (a)-(c) corresponds to the ~12, ~5.9, and ~1.7 nm probe
sizes, respectively. The lattice structure was not affected at a distance (white line) from
the edge which is approximately equal to the probe size (red circle). The distributions
of He" ions for the three different probe sizes used in the experiment were simulated.
During imaging and milling, the He* beam is moved from pixel to pixel in a raster scan.
An array of Gaussian distributions was simulated in order to account for beam overlap
during scanning (see figure 6.11). The milled MoS, edge was assumed to be found where

the dose drops below 1.30 + 0.03 x 10'® He* cm™2; a dose below this value was found

86



6.3 - Nanostructure Fabrication

experimentally to produce extensive damage but not complete milling. The point at which
the crystal structure was assumed to remain intact was where the ion dose drops below
1.00 + 0.02 x 10'7 He* cm™2, as determined by Raman spectroscopy. Our simulation
predicts an amorphous region that extends 7, 3.5, and 1.0 nm for the 12 + 1, 5.9 + 0.7,
and 1.7 + 0.2 nm probes, respectively. The simulation data corresponds well with the
probe radii (half the FWHM). It is illustrated in figure 6.11.

Further analysis of the extension of the amorphous region from the milled edges was
done using the ratio of spots in local FFTs from the TEM images as shown in figure 6.9.
The extension of the He* dose from the simulation was plotted as red squares. (a), (b)
and (c) correspond to probe sizes of 1.7, 6 and 12 nm respectively. In each figure the
higher dose is on the right, where milling of the sample occurs. The black data points
correspond to the intensity ratio of the direct beam to one of the surrounding FF'T spots.
This was used as a measure of the changing crystallinity at different distances from the
edge. A lower value corresponds to better crystallinity. Each FF'T was acquired from a 2
nm times 2 nm area. Ten were acquired for each distance and averaged. The uncertainty
graphed is the standard deviation. Due to limitations of field of view and magnification
in TEM, only 7-10 points could be acquired in proximity to each edge. The x-axes are
overlaid, the y-axes are scaled for best fit. The simulation and experimental data are
in good agreement. A smaller extension of amorphisation is achieved by using a smaller
probe size. This confines the He* ions within a smaller region and limits the extension
of damage. Since the simulation simply considers the geometric profile of the probe, the
good agreement demonstrates that fabrication precision in 2D materials is determined by
the probe size and the extension of the interaction volume in 2D materials is negligible.

With the profound importance of the probe size (1.0 + 0.5 nm) and minimising the He*
dose (3.10 + 0.06 x 10'® He* em™2) now understood, a few-layer (4-5L) MoS, flake was
selected and nanoribbons were fabricated. In figure 6.10(a), a 9 nm wide ribbon is shown.
The well-defined crystal lattice fringes span across the whole ribbon, demonstrating that
crystal structure structure of the MoS remains entirely intact. In figure 6.10(b), a 5
nm wide ribbon with an amorphous structure can be seen. The width of the narrowest
structure that can be reproduced consistently is less than 1 nm, though the structure is
no longer crystalline MoS», figure 6.10(c).

The narrowest crystalline nanoribbon was 7 nm wide as shown in figure 6.10(d). MoS o
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Figure 6.9: Graph of simulated ion distribution at Nanostructure edges with ratio of FFTs.
The red data points show the extension of the He* dose from the simulation. The black
data points represent the ratio of spots in local FFTs taken periodically from the milled
edge out towards pristine material. (a), (b) and (c) correspond to He" probe sizes of
1.7, 6 and 12 nm respectively. (d) shows a feature milled with the 1.7 nm probe size
with an inset of a local FFT acquired far from the edges of the feature. The FFT has a
yellow line indicating the spots measured in #mageJ where the values were extracted from.

Uncertainties are the standard deviation of three measurements.
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6.4 - Electrical Characterisation

(b)

Figure 6.10: TEM images of He™ fabricated few layer freestanding nanoribbons in MoSj.
(a) a 9 nm wide crystalline MoS2 nanoribbon, (b) a 5 nm wide amorphous MoSs nanorib-
bon, (¢) an amorphous MoSs nanoribbon of 1 nm width at its minimum. (d) A STEM

image of a 7 nm wide crystalline MoS9 nanoribbon.

ribbons are theoretically stable down to widths of ~1 nm [17]. It is speculated that a
heating effect may be occurring during milling, which might destabilize ribbons narrower
than 7 nm [214]. Future work will aim to address this question. The edges of these
crystalline ribbons exhibit well-defined lattice configuration, indicating a sub-nanometre

precision of structuring.

6.4 Electrical Characterisation

To investigate the effects of structure, stoichiometry, and geometry changes on the trans-
port properties of an MoS9 flake, electrical measurements were performed (with the as-
sistance of Dr. Yangbo Zhou, TCD). Mechanically exfoliated bilayer MoS, on a 300 nm
Si0O9/Si substrate was used for these experiments (determined by optical contrast meth-
ods). A MoS; transistor device was prepared using electron beam lithography (EBL) and
the film deposition of 5 nm Ti and 45 nm Au layers. The electrical measurements were
carried out using an Agilent B2912A dual channel sourcemeter with a nanomanipulator
system (Imina technologies miBots) for electrical contacts. The He™ irradiated devices
were measured in ambient conditions while the ribbon devices were measured in a SEM
vacuum chamber (base pressure of 300 pPa). In figure 6.12(a), the resistivity evolution of

mechanically exfoliated bilayer MoS» as a function of He* dose was plotted, which shows
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Figure 6.11: Simulation of the distribution of ion dose produced by a Gaussian array.
Simulated array is composed of 7 X 7 pixels, spaced by 1 nm in each direction with an
area dose of 2 x 10! He* cm™ and a probe FWHM of 1 nm (a) Diagonal, (b) side and

(c) plan views are shown.

four distinct stages. In the first stage, the resistivity decreased with the increasing dose
and dropped by 28% at a dose of 1.00 + 0.02 x 10'* He* cm™2. The second stage shows a
dramatic increase in resistivity (by 5 orders of magnitude) as the dose increased from 104
to 101 He* em™2. As the dose further increased to 1017 He* ¢cm™2, the resistivity dras-
tically decreased, recovered its initial value of the intact sample (10% Q), and decreased
to a lower value (10° Q, 1 order of magnitude smaller than the initial value). In the
last stage, the resistivity increased sharply to 1011 Q, as the dose increased to 10'® He*
cm™2. To understand the change in the resistivity, I-V characteristics were measured, see
figure 6.12(a). The pristine MoS, flake exhibited a nonlinear current-voltage response (red
I-V response curve in figure 6.12(b)), revealing the semiconducting nature of the pristine
MoSsy. The semiconducting behaviour of the irradiated MoS, flake was well maintained
in the first stage of beam irradiation, while the high resistivity indicates that the MoS»
flake has been tuned from a semiconductor to an insulator (blue I-V response curve in
figure 6.13) in the second stage. For irradiation doses higher than 10'® He® em™2 (the
third stage) a linear current-voltage response (green curve in figure 6.13) was observed.
Gate bias measurements were conducted in order to further investigate this behaviour.
Pristine MoSs showed a semiconducting behaviour with electron doping. The resistivity
was tuned over 3 orders of magnitude by applying a back gate from -40 V to +40 V. The

resistivity of MoSs irradiated with a dose of 1017 He* em™ could only be tuned ~3% when
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Figure 6.12: Electrical characterization of He* modified devices. (a) Double log plot of
clectrical resistivity versus He' dose for a substrate supported, mechanically exfoliated
bilayer MoSy flake. The letters S, I, and M correspond to regions with semiconducting,
insulating, and metallic-like behaviour, respectively.

(b) Resistivity measurement as a function of gate bias. The resistivity of the pristine
sample (dashed red line) was widely tunable. The sample irradiated with 107 He* cm™2

showed little gate response (solid green line).
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Figure 6.13: Electrical characterization of He* manufactured 20 nm nanoribbon.

(Top) a 20 nm wide, electrically contacted, MoSo nanoribbon. The ribbon is shown
with red false colouring indicating the measured region, and the gold electrodes are also
coloured. The blue dashed line shows the isolating cut made with the He* beam. Scale
bar is 500 nm. (Bottom) Current-voltage plots for the indicated doses as well as for the

20 nm wide MoSsy nanoribbon. All of the results were measured at 0 back gate voltage.

applying a back gate from -40 V to +40 V. The linear I-V characteristic, together with the
greatly reduced and gate-independent resistivity, indicates that the MoSs irradiated with
107 He* cm™? was modified to metallic-like behaviour. The decrease in resistance of just
one order of magnitude observed between the semiconducting to metallic-like MoS o was
also reported in the semiconductor to metal phase transition process that occurs in other
binary compound transition metals, such as molybdenum telluride (MoTe2) [215] and iron
disilicide (FeSiy) [216]. Doses above 1017 He* cm™ (the fourth stage) increased the flake
resistivity while maintaining its metallic behaviour. At a very high irradiation dose of 10'®
He* cm™2, the flake behaved as an insulator again (resistivity >1011 Q). The morphology
modification introduced in previous sections can help to clarify the observed electrical
tuning. A He™ dose on a freestanding sample is expected to have effects about an order of
magnitude lesser than on-substrate as discussed in chapter 5. For example, as the EDX

was done on a freestanding sample it would be expected that the change in stoichiometry
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observed at 10'® He* cm™ would occur at a dose closer to 1017 He* cm™ for a sample
on a substrate. The first stage of irradiation figure 6.12(a) introduced structural defects,
while keeping the crystal structure. The structural defects act as dopants to the MoS 2
lattice and cause the decrease in the resistance [115]. This semiconductor-to-insulator
transition in the second stage can be be explained as the formation of disordered domains
in the amorphized MoS, flake [18]. The metallic-like behaviour of this sample in the third
stage is most likely due to the preferential removal of sulphur and increased proportion
of molybdenum. It has been reported that the existence of these sulphur vacancies can
result in the appearance of a midgap state in the band gap of MoS9 [217, 218| forming an
electronic channel and improving the conductivity of MoSsy. The increase of resistance in
the last stage can be attributed to the removal of MoSy due to excessive milling effects. It
is noted that while other methods have been used to produce insulating MoS 2, [219, 220]
the observed transition from insulator to metal-like behaviour has not been reported. It is
possible that other atomic species, for example, carbon, were incorporated into our sample
to passivate the sulphur vacancies, resulting in the metallic-like behaviour observed. More
experiments are required to further characterize the metallic-like behaviour observed here
(such as temperature dependence of the resistance).

The substrate supported MoSy can be milled into nanoscale geometries such as a
ribbon with a width below 20 nm (as in the top of figure 6.12(a)). The fabricated MoS 2
nanoribbon had a nonlinear current-voltage response (orange curve in figure 6.12(a)), it
therefore still exhibited a semiconducting behaviour. In order to control the electronic and
magnetic properties of MoSy that occur due to quantum confinement, the ribbon width

must be reduced by another order of magnitude [121].

6.5 Summary

In summary, noble gas ion-based patterning techniques can provide sub-nanometre scale
precision milling for 2D materials with a scalability not previously practical in electron
or ion-based milling. It has been shown that the structure, composition, geometry, and
material properties of MoSs can be manipulated and tailored using He" irradiation. This
was achieved by controlling the ion dose and the irradiated area. With a ~1nm He* probe,

pristine nanoribbons of MoSy with sub-10 nm widths were fabricated. This technique can
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be adjusted for a range of 2D material systems such as those produced by Coleman et al.
[221] in order to fabricate nanostructures whose shape, orientation, crystal structure, and
stoichiometry can be modified. This will result in the production of novel nanostructures

with tunable properties for a wide range of device applications.
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Ton Moderated Oxidation of MoS»

N the previous chapters, ion irradiation has been demonstrated in the precise defect-
I engineering of 2D materials. The effects of these defects on physical characteristics have
been investigated and discussed. In this chapter, this knowledge is extended by exploring
the effects of ion beam-induced defects on the chemical behaviour of MoS s, specifically its
oxidation in air.

A simple, high throughput technique for the selective patterning of sheets of MoS is
presented. In this work, chosen regions of MoSy were activated for oxidative reaction by
the application of low doses of He* at 30 keV in a GIM. Raman spectroscopy, OM and
SEM were used to characterise both the etched features and the remaining material. It
has been found that the application of He* (at doses of the order of ~ 10'* He* cm™2)
introduce enough defects to MoSs that the irradiated regions are etched preferentially. This
is achieved efficiently due to the low required dose and precisely due to the instrument
resolution. No residual oxides of molybdenum could be detected in the etched regions

suggesting the complete sublimation of MoO,.

7.1 TIon Dose Dependency

A schematic of a representative ion-moderated etching experiment is shown in figure 7.1.
MoSy was prepared by collaborators (M. O’Brien and G. Duesberg, TCD) using a CVD
technique as in the previous chapter. The thickness was checked using Raman spectroscopy

(532 nm, separation of A} and Eég peaks of 22.5 cm™!) and found to be bilayer. The sample
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(b)

] =20 |1

Figure 7.1: Outline of a typical oxidative etching experiment. (a) shows the He* beam
incident on a rectangular region of CVD grown film of MoS;,. (b) shows He* irradiated
MoS;, with S vacancy defects introduced by the beam. (c) shows the same irradiated
region, now etched after heating to 330°C. (d) is an optical micrograph showing an array
of etched rectangles of decreasing width going upwards on a triangle of MoS,. (e) is a

SEM micrograph of one such etched region.
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was then loaded into the Zeiss ORION Nanofab microscope and imaged with low doses of
He* in order to minimise damage. Imaging doses did not exceed 2 x 10! He* cm™2 which
has negligible effects on the sample [37]. An array of 5 x 5 um squares was irradiated with
increasing doses as in figure 7.2. The squares were irradiated with a beam current of 4.2
pA and a beam energy of 30 keV. The dwell time and number of repeats were varied to
ensure that the desired dose was delivered. This allowed the ion dose dependency of the

oxidative etching of bilayer MoSs to be investigated.

Samples were loaded on a glass slide into the middle of a quartz heating tube in an
MTI Multi-Position GSL-1100X-NT-UL-LD Tube Furnace. The furnace was then sealed
containing only air at atmospheric pressure and without any gas flow. The temperature
was raised to the desired etching temperature at a rate in the range of 10 + 2°C min~!.
The sample was heated to a maximum temperature of 330°C at which it was held for
50 minutes. These time and temperature values are typical of or similar to many of the

papers mentioned in section 3.9 for the partial etching of ~2-5 layers of MoSs.

After being allowed to cool to room temperature (RT) naturally, the sample was imaged
using OM to confirm which doses had been etched. The minimum dose which resulted in
the complete etching of a 5 X 5 pum bilayer region of MoS, was found to be 1 x 10'* He*

2 were not fully etched.

em™? although some regions with doses up to 4 x 104 He* em~
Doses above this were always sufficient to remove all material in a region. In addition,
when the heating step was repeated for a further 50 minutes under the same conditions,
even the lowest dose (5 x 103 He* ecm™2) region was almost completely etched. This
dose is below that normally required to remove material by direct ion milling by about
4-5 orders of magnitude. It was also less than the dose required for amorphisation or

detectable change in stoichiometry by 2 to 4 orders of magnitude [37].

The same experiment was repeated with a different sample of MoSs. This sample was
prepared by mechanical exfoliation and had a thickness of ~5-10 L (blue-gray colour in
OM). However, no oxidation-induced etching was detectable. This is attributed to surface
contamination caused by the sticky tape method which may have protected the MoS ,
from oxygen species. This is detailed in appendix F. Some other experiments performed
with high aspect ratio irradiation regions caused the production of meshes as discussed in

appendix G.
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Figure 7.2: Ion dose dependency of oxidative etching of MoS,. (a) An optical image of
5 X 5 um squares of MoSy irradiated with increasing dose from right to left and top to
bottom: (1 % 10%3, 5o 1042, 1 5 1014, 5. 10, 1 % 1015, 5 % 10%°, 1 x 10%S, 5 x 10*¢ and
1 x 107 He* cm™2). (b) The same region after heating for 50 minutes at 330°C. (c) The

same region after heating for 50 minutes a second time.

7.2 Expanding the Oxidation Model

Another sample of MoSy was prepared by the same CVD process as before and this time
an array of rectangles was irradiated in a monolayer part of the sample. An outline of
this pattern is presented in figure 7.3(e), a low dose GIM image in which the irradiated
patterns are overlaid. Within each row, the designed width decreased from left to right
as follows: 1000, 500, 250, 125 and 75 nm. Within each column the dose increased from
top to bottom as follows: (5 x 1013, 1 x 10, 5 x 10!, 1 x 10, 5 x 10'%, 1 x 10'6 He*
cm™?).

The sample was imaged by SEM after irradiation and then after heating to 300°C and
so on in 5°C increments up to 335°C. Each heating step was for 50 minutes and otherwise
similar to that described previously. A field emission SEM ( Zeiss Supra, Zeiss Microscopy
GmbH, Jena, Germany) was used to image the sample. A TTL or "inLens" detector is
now common in SEM and was employed in this work for its particular sensitivity to the
surface and work function of the specimen. Work function is the minimum energy required
for the removal of an electron from a solid to a point in the vacuum immediately outside

the solid surface. Low work function materials typically appear bright and high work
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Figure 7.3: Scanning electron microscopy analysis of etching bilayer MoS 5 in a cumulative
heating experiment. (a) to (c) is a selection of SEM micrographs at various steps of the
cumulative heating process. (a) is after irradiation but before any heating. (b) is after
heating to 305°C. (c) is after heating to 330°C. (d) shows the work functions of relevant

materials. (e) is a low dose helium ion image overlaid with the patterns for irradiation.
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function materials appear dark using an "inLens" detector. The imaging conditions were
as follows: a 10 keV primary electron beam and a base brightness level of 49%.

A selection of the SEM micrographs are shown in figures 7.3(a) to 7.3(c). They demon-
strate the progression from MoSs which has been irradiated to the complete etching of
irradiated material after heating. Figure 7.3(a) shows low dose irradiated regions which
are lighter than surrounding areas and higher dose regions which are slightly darker. After
the 305°C step, figure 7.3(b) shows the same regions where those that received lower doses
are still relatively unchanged and those that received higher doses are now very dark.
Figure 7.3(c) shows the same regions once again after the 330°C step where all irradi-
ated regions now appear to have been etched. The SEM images sampled in figures 7.3(a)
to 7.3(c) are analysed in detail in figure 7.6(a).

The work function of monolayer MoSo has been reported to be approximately 4.0 eV
in vacuum and up to 4.5 eV with adsorbed O9 [222|. The work functions of molybdenum
dioxide (M0oO3) and MoQO3 are ~4.4-5.5 eV and 6.6 eV respectively [223-225]. The work
function of the SiOy substrate is 4.3 eV [193]. This range of work functions of possible
materials in this system is represented in figure (d). This suggests that should a region
of the specimen be observed to darken after heating, it will be due to the presence of
oxygen species shifting the work function upward through either adsorption or oxidation.
Once the MoO3 has sublimed and the specimen region is deemed to have been etched, the
contrast in each region will revert to that of the underlying SiO 4 substrate which should
appear similar to the starting brightness of un-heated MoS,?.

The work function is expected to increase monotonically with the application of heat
which makes it effectively impossible for SEM measurements to differentiate between ox-
idation and adsorption effects. Raman spectroscopy gives far more material information
to help clarify the effects of temperature on these processes. However, since Raman spec-
troscopy is relatively low throughput compared to SEM, it was decided to heat several
arrays to the temperatures of 250, 300, 315 and 330°C rather than one array heated
cumulatively. As such, the same arrays were repeated on four new samples for Raman
spectroscopy. Although not directly comparable to the previous cumulative heating SEM
experiment, the results obtained will provide evidence to clarify the following: the pres-

ence of MoO, by searching for its characteristic peaks; effects on the remaining MoS 9

! Albeit the substrate has also been modified somewhat by the ion beam which causes a slight darkening

100



7.2 - Expanding the Oxidation Model

AlLO, substrate ‘ ' '
L RT |
Amorphous MoO, (a)
-MoO, (b)
3 a-MoO, (c and d) ; [ 250°C ‘ p
< |9) S Mr M M\, \J‘ M ’\ﬁ
g 2Ll \
7] s |k
c =
2 ¢ e 2
£ e =
y \
a) % 330°C o
0 A AN M AA L »
s 1 i =) L o N W ‘."' ”,, W M V\ ' WK AL J'\‘(LJ
500 600 700 800 900 1000 700 750 800 850 900
Raman shift (cm™) Raman Shift (cm™)
(a) (b)

Figure 7.4: Searching for MoO, in heated CVD MoS; using Raman spectroscopy (a) shows
a reference Raman spectrum for MoO3 [226]. (b) displays a selection of spectra showing
that there is no evidence of MoO2 or MoO3 in MoSs irradiated with 5 x 10'* He* cm™2

at the four labelled temperatures.

by studying the diminution, broadening and disappearance of the A} and Eég peaks; and
in particular evidence in the Raman spectra for the alteration of the doping state of the
heated MoSs.

P-type doping is expected to be caused by oxygen species behaving as hole donors to
adjacent MoS. With increased defect density the effects on the A’ peak are expected
to be upshifting and broadening. However, with increased p-type doping, upshifting and
narrowing of the A} peak is expected. A narrowed A} peak in spite of the defects introduced
by the ion beam would be convincing evidence of p-type doping.

Maps were acquired in a WiTec alpha 300R with a 532 nm laser and a grating of 1800
lines/mm. There were 4 acquisition points per ym and each acquisition was for 0.06322
s. Spectra were acquired by averaging the spectra at each acquired point in the map
which fell well inside the irradiated region. Spectra were also acquired from an adjacent
non-irradiated region for reference (no closer than 1 ym to the border of the irradiated
feature). Peaks in the Raman spectra were fitted with Gaussian functions using the fityk
software package as these were found to fit the spectra most closely [172]. Error bars,

where used and unless otherwise stated, are the fitting error as acquired from fityk which
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uses a weighted sum of squared residuals to measure agreement between the fit and the
data [195]. This is chosen instead of the instrumental (1 cm™!) error since the importance
of the measurements is usually comparative rather than absolute, thus minimising the
effects of systematic error.

The characteristic Raman spectra of MoO3 in @, f and amorphous phases are shown
in figure 7.4(a) [226]. The largest peak is at approximately 811 cm ™! for @ and amorphous
MoO3 and at approximately 846 cm~! for § MoOg [226, 227]. Not pictured is the Raman
spectrum of MoO5 in which a strong expected peak would be between 730 and 740 cm ™!
[228, 229]. Figure 7.4 (b) shows spectra acquired in this experiment in the relevant range
for these oxide peaks. Nothing beyond noise is evident beyond a possible small bump
around 770 em™! in the RT sample which can be attributed to the 2E’ mode of MoSs.
Since none of the listed peaks are evident, no indication of intermediate oxides can be
presented here by Raman spectroscopy.

In figure 7.5 the evolution of the characteristic Raman peaks of MoS+9 with atmospheric
heating temperature and He" dose is shown. Two sets of spectra are shown which are
normalised to the Si peak at ~520 cm™! (since this peak is expected to be only slightly
affected by irradiation and not at all by heating). The first, figure 7.5(a) shows four
non-irradiated MoSs regions from the samples subjected to different temperatures. With
increasing temperature, a slight increase in peak separation (larger than both fitting and
instrumental errors) is observed as well as a slight narrowing of the A} peak. Any change
in intensity with respect to the Si peak is small and easily attributed to normal variation
in sample. However, the second set of spectra in figure 7.5(b) is very different. This
shows spectra acquired from MoSs irradiated at the moderate dose of 5 x 104 He* cm™2,
again at four different temperatures. The difference is striking as the intensity of these
peaks drops sharply even at the lowest temperature and there are no recognisable peaks
at 330°C.

An increase in defect density is expected after irradiation, and this lowers the barrier
for oxidation as discussed in chapter 4. Therefore a greater increase in adsorbed oxygen is
expected in irradiated rather than pristine MoS, after heating. It is important at this point
to separate the effect of the initial irradiation from the effect of the heating. The frequency
and width of the A| peak has been reported to be sensitive to electrostatic doping while

the E’ peak is essentially inert, being more sensitive to strain [104, 105, 135]. Since doping
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7.2 - Expanding the Oxidation Model
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Figure 7.5: Expanding the etching model for monolayer CVD MoS; with Raman spec-

troscopy.

(a) and (b) show the progression of Raman spectra with heating for non-

irradiated MoSy and MoS; irradiated with a dose of 5 x 10 He* cm™ respectively.
In the spectra, the black line is the fit to all of the data while the green, blue and red

lines are fits to the E’, E’ shoulder and A peaks respectively. The triangles represent

individual data points. (c) is a graph of the position of the A} peak after heating to three

temperatures for a variety of He* doses. (d) is a graph of the width of the A} peak after

heating to three temperatures for a variety of He* doses. The error bars in both (c) and

(d) are acquired from fitting.
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Chapter 7 - Ton Moderated Oxidation of MoSs

of the specimen is an expected outcome of the increased presence of oxygen, the evolution
of the A} peak will now be explored in greater detail [105, 148]. A broadening and blue-
shifting of the A} peak is expected with an increase in defect density after irradiation
[28].

Meanwhile, Chakraborty et al. has demonstrated that n-type doping is indicated by
broadening and red-shifting of the A} peak [105]. Conversely, narrowing and blue-shifting
of the peak may therefore suggest p-type doping. Thus the strongest evidence from Raman
spectroscopy of p-type doping would be a A| peak which is narrowing in spite of the
increased defect density.

Figure 7.5(c) tracks the position of the A| peak with heating step. It is observed that
without a heating step the lower doses cause little if any significant shift in the position of
the A peak, although a dose of 5 x 10" He* cm™2 does show a large upward shift of more
than 3 cm™!. After the first heating step, to 250°C, the Raman spectra of this dose is too
noisy to be fitted and now an ion dose of 5 x 10 He* cm™? is observed to cause a blue

! compared to non-irradiated MoSs. After the 315°C heating step,

shift of more than 4 cm™
the highest doses have etched and all other doses are now upshifting in similar fashion.
Figure 7.5(d) shows the evolution of the width of the A} peak with dose as a function of
the heating step as before. In the case of width, the ion beam causes a consistent and
large increase at RT. However, once heated to 250°C the width decreases substantially for
the larger doses and even more so for all doses at 315°C. This is strongly suggestive of

p-type doping introduced by oxygen content.

7.3 Defining Temperature Stages in the MoS, Oxida-
tion Model

In order to infer the maximum possible information about the effects of ion dose and
temperature, it is important to compare the results of both the SEM cumulative heating
experiment and the Raman spectroscopy experiment. To assist with this the data from
both experiments is presented in a new way in heat maps as in figure 7.6. This allows the
identification of several discrete stages separated by their approximate temperature range.

The key characteristics of these stages are presented in table 7.1. Stage 0, where only
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7.3 - Defining Temperature Stages in the MoSy Oxidation Model
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Figure 7.6: Heat maps of SEM brightness and A} peak position and width for bilayer
MoSsy. (a) shows normalised SEM brightness for regions corresponding to their heating
step and irradiation dose. (b) and (c) show position and width of the A} peak respectively

as a function of the heating temperature and ion dose.
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Chapter 7 - Ion Moderated Oxidation of MoSs9

Stage Temp Wy Ta w Regime
0 RT AD.7T HD.7T H.D.T Increased Defects
I < 305°C AD.T H.D.|] H.D.T Oy Adsorption at Defect Sites

II 305-320°C A.D.T A.D.] A.D.T Oz Adsorption to Saturation
111 > 320°C AD.- AD.- A.D.| Oxidation

Table 7.1: Temperature dependent oxidation stages for mono- and bilayer MoSo. A.D.
means all doses, H.D. means high doses, way s the position of the A| peak, Lo is the

width of the A} peak, W is the work function.

irradiation has occurred with no heating step, is characterised at high doses by changes
consistent with an increased defect density: an A’ peak of increased position and width
and an increased work function at high doses.

The label of Stage I is applied to a heating range of < 305°C. It is characterised by
the decoupling of position and width of the A| peak. The narrowing of the A| peak and
the sharply increased work function are unequivocal in describing a sample of MoS with
an increasing influence of oxygen species. This is strongly suggestive of p-type doping
by contrast to the increased defect density of Stage 0. In stage 1, ozygen adsorption is
expected to dominate since oxygen can adsorb to the MoSs surface more readily at higher
temperatures as previously discussed in chapter 4. The effect is most clear for the regions
which received a higher He* dose since it has been established that He* creates S vacancies
and that S vacancies lower the barrier for oxygen adsorption [37, 155].

Stage II is found to occur between the temperatures of 305°C and 320°C. It is notable
that the A peak of even non-irradiated and low dose MoSsy is now strongly affected by
this step. In addition, the change in work function is now much more intense. This is
attributed here to a highly increased oxygen adsorption rate. It is suggested that Stage
1 may be dominated by adsorption of oxygen to highly defective regions/edges only. By
contrast, stage II involves more widespread adsorption, perhaps approaching saturation
for sufficient time/temperature.

Stage III occurs after the 320°C heating step. By this stage, it is observed in SEM

that brightness is now very similar across almost all doses. It is also now very similar to
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7.4 - Etching Range and Edge Definition

the substrate?. In addition, no characteristic Raman spectra of MoSs or MoO3 can be
collected from here. This stage is therefore attributed to the near complete oxidation and
sublimation of Mo species leaving behind only the SiO4 substrate.

At some point above 315°C and below approximately 340°C, the distinction between
irradiated and non-irradiated material begins to matter less as even non-irradiated MoS o
begins to etch. This can be seen in the SEM image in figure 7.3(c). Here, curved lines of
material near grain boundaries and many randomly positioned triangles at native defect
sites are observed to have etched. This is also clear from Raman spectra results which
show even the lowest doses having been fully etched after high temperature treatment.
However, at the lower temperatures, the dose effect is crucial. It should be noted again
that MoSy can hold 1.15 x 10'® adsorbed O atoms cm™ and that it is largely doses
within an order of magnitude or two of this that seem to really distinguish themselves

from non-irradiated material in character at RT and lower heating steps.

7.4 Etching Range and Edge Definition

At this point, it is understood that etching is initiated at defect sites, whether native or
introduced by the ion beam. However, as noted by Yamamoto et al., this only affects the
density of etching sites and does not directly affect their size progression [148]. To use He*
to moderate etching in a scalable fabrication process, the size of the etched features must
be better understood. A dose-dependent discrepancy was observed between the size of the
irradiated areas defined in the ORION Nanofab patterning software and the observed size
of the etched regions in SEM and this was investigated further.

Figure 7.7(a) shows a partially etched region of width ~30 nm in spite of its designed

width of 5 nm. This rectangle received a large dose of 1 x10'6 He* cm™2.

2

Rectangles
of the same size irradiated with doses of the order 1 x10'* He* cm™ were not readily
visible using SEM. Figure 7.7(b) shows the result of a pattern of the same dose but a

much larger designed width, 1000 nm. The edges are observed to be very well defined. Its

2The region irradiated with the lowest dose after the 320°C step seems to be something of an outlier
due to its high brightness. There are several possible explanations for this including that there may still
be some residue of MoO3/MoS; here which may be charging under the electron beam. In any case, it is
removed fully by the 325°C step.
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Figure 7.7: Edge roughness and etching range. The first three sub-figures were acquired
using SEM. All show CVD-grown bilayer MoSy heated to 330°C for 50 minutes. (a) shows
2

the top of a partially etched rectangle which was irradiated with 1 x10'® He* cm™ in a 5

nm wide pattern. (b) shows more highly defined edges which were formed at the edge of

2 in a 1000 nm pattern. (c) shows

a rectangle which was irradiated with 1 x10'® He* cm™
an irradiated array, the same as used in previous experiments. (d) is a graph of measured
width against designed width for four different doses. The higher doses have created larger
etched features. The grey line is the designed width. (e) is a graph of measured width
against dose with a power law fit for a range of designed widths. It is constructed from

measuring the width of the rectangles shown in (c).
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7.4 - Etching Range and Edge Definition

rectangular shape is only significantly disturbed by overlap with triangles etched at native
defect sites. Triangles both overlapping and nearby can be seen in the image. The main
array of irradiated/etched features used for analysis here is shown in figure 7.7(c). The
irradiation parameters were the same as in the cumulative heating experiment although
this array was only heated once to 330°C for 50 minutes. A SEM image of the etched array
is shown in figure 7.7(c). Low doses and the narrowest widths resulted only in partial or
non-detectable etching. The measured size of the rectangular irradiated regions which did
etch were found to be dependent on both the dose and the designed width as shown in
figure 7.7(e). The measured widths (W) seem to follow a power law in relation to the dose
(D) of the form:

W = min(D) + b (7.1)

where m and b are fitting parameters. This assumes that other factors such as beam drift,
beam width and scanning strategy factors such as dwell time and repeats are negligible
as expected. The effect of increased dose was to widen the etched region, increase the
visibility of the edges and to complete etching for narrower widths. The following model
is suggested to explain the higher measured width. The helium ion irradiation introduces
a low but chemically significant number of defects in the patterned region. To a lesser
extent defects are also created beyond the defined area for two reasons: the beam spread
effect over several nm discussed in chapter 6; and the excitement of secondary atoms in
the substrate which spread over tens of nm. During the heating, reactions with available
oxygen occur preferentially at defect sites. Given the distance range of the discrepancy, it
is likely that the spread of excited secondary atoms is the most significant. Both effects
could be reduced by using a lower ion dose as discussed in chapter 6. The exothermic
nature of the oxidation reaction is also likely to lead to a higher local temperature near
under-coordinated atoms. This is also a contributory factor to enhanced reaction rates in a
range surrounding the etched /irradiated area. In any case the propagation of the edge into
relatively non-damaged material causes a weakening of the local crystal structure meaning
that larger than defined etched widths may to some extent be unavoidable if heating

parameters to ensure the complete etching of the designed area are strictly required.
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7.5 Summary

In this chapter, thermal etching observed in previous studies has been preferentially and
overwhelmingly stimulated in selected discretionary regions thanks to a region-specific, low
dose and high throughput irradiation with He* at 30 keV. A range of other investigations
were also performed. Ion irradiation has been successfully established as a high throughput
tool for moderating the oxidation of FLM-MoS,. At standard times and temperatures for
the reaction in the literature, doses in order as low as 1 x 10 He* cm™ showed a
profound effect on oxidative etching rates. Previous methods have used oxidative etching
for the doping and removal of MoSy but this is the first report of doing so while asserting
spatial control. The oxidation model was considerably advanced including a breakdown
of effects at different temperatures using Raman spectroscopy and SEM. Strong evidence
for p-type doping was provided, a much desired and elusive effect in MoSy. Moreover,
specific regions can be targeted for doping or removal at arbitrary locations while leaving
other non-irradiated regions relatively untouched. This is a very high throughput process
due to the low doses involved and it avoids the use of resists which are a leading source of

contamination in 2D material based devices.
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Chapter 8
Conclusion

In this thesis a range of gas ion beams have been used to precisely alter the geometry
and properties of 2D materials. The beams of electrons or ions used can be focused
to a nanometre scale and their combination of throughput, precision and resolution in
nanofabrication is remarkable.

In this work, an electron beam was used to moderate the high resolution etching of
graphene in a nitrogen environment. Nanopores were fabricated to a sub-5 nm scale quickly
and precisely and the mechanism was studied extensively. Graphene defect-engineering
was also performed over larger areas using a direct ion beam method in a GIM. He" and
Ne* at 30 keV were both used for this, and their effects on defect density and size were
studied using Raman spectroscopy models. A comparison of effects on supported and
freestanding graphene by the ion beam yielded very important results for the future of
ion-based device fabrication methods.

Defect-engineering methods were also expanded to include monolayer MoS9, and the
Raman spectra of several other layer numbers were also studied. This knowledge informed
methods to efficiently fabricate nanostructures. The He™ beam was thus used to create
nanometre scale ribbons with 7 nm dimensions and pristine crystal structure. Modelling
was used to map the milled, amorphous and pristine regions of sample surrounding the
region selected for irradiation. Tuning of the stoichiometry of MoS, by ion beam due to
the preferential sputtering of S atoms was also demonstrated. Tuning of the resistivity
by ion dose was shown to be particularly interesting as a recovery in conductivity was

demonstrated with the emergence of metal-like conduction in a certain dose range.
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Chapter 8 - Conclusion

The defect-engineering of MoSo using He" is well established in this work and it was
subsequently used to investigate the effect of defects on chemical properties. Oxidation
of MoSs has been demonstrated in the past to achieve much coveted p-type doping as
well as thinning and etching. However, using ion irradiation methods this oxidation is
now reported with unprecedented spatial control. The oxidation model has also been
expanded upon with the behaviour of adsorbed oxygen species and molybdenum oxides
clarified.

8.1 Future Work

The modification methods developed and expanded in this thesis could be expanded to a
myriad of other materials. The use of energetic He* and Ne™ irradiation for other materials
to achieve similar modification of properties would be quite simple. On the other hand,
the substitution of nitrogen in the electron beam-activated etching of graphene for oxygen
would likely allow the same method to be applied to a range of TMDs including MoS 5.

The investigation of substrate and freestanding effects, both directly and on fabri-
cation processes, should be expanded to non-monoatomic 2D materials. This could be
performed simultaneously with a variation in layer number, and characterised by low fre-
quency Raman spectroscopy to achieve the most information. The effects of ion irradiation
and substrate on tribological properties are quite unexplored and worthy of further study,
particularly given the promise of 2D material heterostructures.

The ion-moderated oxidation of MoSy could prove extremely useful if it can be used to
create regions of p-type MoSy for the fabrication of devices. This remains uninvestigated

by electrical measurement which should be pursued promptly.
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Appendix A

Identifying Suitable Samples in
TMSEM

The flakes were imaged in a STEM mode in a Zeiss Ultra SEM. The TMSEM detector
provides much more thickness contrast than any other SEM method (although it is not
calibrated for layer differentiation), much better throughput than any TEM method and
maintains high spatial resolution. Locations of interest were noted by taking images at a
series of magnifications with respect to a reference point at the centre of the sample grid.
This allowed the flakes to be located when transferred to the GIM and later the TEM.
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(a) (b)

Figure A.1: Identifying suitable MoS, flakes for experiments in TMSEM. Images acquired
in a Zeiss Ultra SEM at 20 kV. (a) shows an image acquired using the STEM detector.

(b) shows an image acquired using the inLens or TTL detector.
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Appendix B

Supplementary Information for Etching

of Graphene by Nitrogen

The SEM images from which the data for figure 5.4 in the main manuscript were extracted
are shown in figure B.1. Figure B.1(a) is the monolayer MoSy sample. Figure B.1(b) is
the ten layer sample. The dwell times used to create each pore are shown above the pore.
The scale of both images is the same (bars are 100 nm). The thickness of the samples
used in figure 5.4 was confirmed by optical contrast. An Si wafer with 300 nm SiO3 on
the surface was used as the substrate. The optical image of the one and ten layer flakes is

shown in figure B.2.

Temperature Effect

The effect of sample temperature on etching rate was investigated. Supplying thermal
energy to the sample lowers the activation barrier for the etching reaction to occur, thereby
increasing the rate of the reaction. Similarly if the sample were to be cooled the rate of the
reaction would be slowed. A stage with a controllable temperature range from -25°C to
+50°C was used to investigate the effect of temperature on the etching. The beam energy
was set to 5 keV, the beam current was 150 pA, the nitrogen gas pressure was 380 mPa
and the dwell time was 620 ns. The water cooled stage has more instability than a normal
stage. The stage drifted quite significantly, at up to 80 nm/s. This drift rate prevented the

use of a single point irradiation as in the previous experiments. Instead an entire flake was
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Appendix B - Supplementary Information for Etching of Graphene by Nitrogen

(b)

Figure B.1: (a) Monolayer graphene sample etched with nine different dwell times. (b)
Ten layer graphene sample also etched with nine different dwell times. Scale bars are 100

nm.

Figure B.2: Optical image of single and ten layer MoS2 on a 300 nm SiOj layer on Si.
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irradiated in a raster scan for a total time of 10 min. One flake was irradiated at -25°C,
another at +50°C. The total area irradiated in each experiment was 1.5 X 1.5 ym. The
sample was then analysed using energy filtered TEM selecting the plasmon loss region (a
15 eV window centred at 25 eV). What we expected to observe were nanopores distributed
across the surface, like those seen around the edges of figure 5.1(b) [191]. The flake
irradiated at -25°C is shown before and after etching in figure B.3(a) and (b) respectively.
The flake irradiated at +50°C is shown before and after etching in figure B.3(c) and (d)
respectively. The before etching images in figure B.3(a) and (c¢) are SEM images. The
after etching images in figure B.3(b) and (d) are plasmon energy filtered TEM images. It
is clear from these images that the irradiation caused no observable etching effect.

The lack of etching observed can be attributed to the difference in the dose of electrons
delivered to the sample. In a typical etching experiment a point on the sample with an area
of ~80 nm? was irradiated. In this experiment the beam could not be confined to a point
on the sample due to the drifting, resulting in an area of 2.25 x 10° nm? being irradiated
by scanning the beam across the sample. Even with the 20 X increase in etching time used
in this experiment the electron dose was still 1,430 times less than when a single point
was irradiated. To deliver a dose which was observed to result in etching in the previous
experiments to an area this size (using this beam current, beam energy and gas pressure)
an irradiation time of x10 days would be required. Dose rate may also play an important
role, as has been established for Ga* FIB irradiation of materials [230]. Reduced drifting
would allow the prolonged irradiation of a small area of material, thereby enabling a higher
dose rate to be delivered to the region, as in our other experiments. A stage with a greater
range of temperature control and more stability (to reduce drifting) would be required to

further investigate the effect of temperature on the rate of etching.

Sizing Histogram
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(c) (d)

Figure B.3: Temperature effect of e-beam etching. (a) SEM image of a graphene flake. (b)
The same flake imaged in plasmon energy filtered TEM after etching at -25°C. (¢) SEM
image of a graphene flake. (d) energy-filtered transmission electron microscopy (EFTEM)

image of the same flake after etching at +50°C.
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Figure B.4: Measuring nanopore sizes from TEM images with Imagej. (a) is a TEM
image of a nanopore with a 150 nm X 150 nm box drawn around it in Imagej. (b) is a
bimodal histogram of gray values extracted from the yellow box. (c¢) is (a) after applying
a threshold in Imagej. (d) is the histogram of (¢). The ratio of dark and bright counts

allows the calculation of etched area.
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Appendix C

Ion Beam Stability and Dose

Uncertainty

This investigation was performed by Dr. Daniel Fox but is included here given its impor-
tance [37].

The beam current used for milling was adjusted to 1.0 pA by changing the spot size
and the helium gas pressure. Precise values of beam current were recorded as “blanker
current” in the saved .tiff file format of corresponding images and can be obtained by using
the Zeiss software “ALIS TIFF TAG Viewer”. An imaging sequence of 50 images in 10
minutes was acquired, which is larger than the time needed to pattern a nanostructure
(<10 s). The measured beam current varied from 0.982 pA to 1.064 pA, with a most
probable value of 1.02 + 0.02 pA. The variation in current of the He* beam is two orders
smaller than its value, demonstrating its stability. The patterning dose can be precisely

controlled with errors of about 2%.
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Appendix D

Fitting the LA(M) Mode in Raman

The LA(M) mode and surrounding peaks were fitted in similar fashion to that described
by Mignuzzi et al. using Lorentzian distributions. Data in the approximate range of 120

to 270 em™! was included for fitting. An example is shown in figure D.1.



Appendix D - Fitting the LA (M) Mode in Raman
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Figure D.1: Raman spectra of MoSs irradiated with 2.5 x 10'> He* cm™2. The range
shown includes the LA(M) mode at ~ 226 cm™! which is highlighted with the dashed
vertical line. This region was fitted with Lorentzians as shown in a range of colours, the

sum of which is shown in the thicker black line.
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Appendix E

Probe Size Measurement in the GIM

In order to measure the probe size of an ion beam microscope, an image was acquired
near but not of the sample region due to the large dose required to take a high quality
image. Typically, the amorphous carbon on a TEM grid was used for this purpose. It
was assumed that the feature being imaged had a perfectly sharp edge to allow for the
measurement. The intensity from the area surrounding the feature was minimised by
placing a carbon coated surface several millimetres below the sample. This coating has
both a low secondary electron yield and a low backscattered ion yield. The intensity drop
off over the edge of the flake in the image can thus be attributed entirely to the Gaussian
distribution of the ions in the probe. The probe size could thus be measured from the
acquired image using imagej software. The distance between 25% and 75% of the average
intensity of the flake was taken as the probe size. This is equivalent to the full width at

half maximum of the probe.



Appendix E - Probe Size Measurement in the GIM
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Figure E.1: Measuring probe size from a GIM image. Measuring probe size from a He*

image in ImageJ. [190]
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Appendix F

Oxidative Etching Attempts with
Mechanically Exfoliated MoS,

Mechanical exfoliation was performed as in chapter 6 and the sample was positioned on a
substrate of 300 nm of SiO3 on Si. A relatively thick (5-10 L from OM) flake was selected
for irradiation and heating as seen in figure F.1(a). Unexpectedly, the sample was not
observed to etch as was the case for MoSy prepared by CVD. The reason seems to be an
issue of surface cleanliness. Figure F.1(b) shows the irradiated regions at which there is a
build up of ion beam-induced contamination material. Organic residue from the exfoliation
process on the surface likely provided a ready source of carbon material which cross-linked
and was deposited in locations where the ion beam dwelt. Since the penetration depth
of the He* beam is of the order of hundreds of nanometres, the irradiated regions were
still damaged. However, during the heating process it is likely that oxygen did not diffuse
to the MoSy surface and thus could not be adsorbed. In the absence of readily available

oxygen, the oxidation step could not occur.
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(a) (b)

Figure F.1: Attempted etching of mechanically exfoliated MoSsy. (a) shows an optical
image of the selected mechanically exfoliated flake. (b) shows an SEM image of the same
flake at higher magnification and after heating to 330°C for 50 mins. Towards the top,
the shape of irradiated (2 x 10 He* cm™2) triangles at different angles can be seen. At
the bottom, an array of 7 squares can be seen which were irradiated with progressively

increasing doses from right to left.
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Appendix G
Producing Meshes with Oxidation

Since etching is initiated at defect sites, whether native or ion-induced, with control of the
heating parameters it is possible to create meshes of etched material as in this work and
others [95]. A non-irradiated mesh, produced by heating to 320°C for 50 mins is shown
in figure G.1(a). An edge detection algorithm was applied in matlab in order to highlight
the shapes of the etched features. It is shown in figure G.1(b) and overlaid on the original
image in figure G.1(c).

Figure G.1(d) shows an irradiated array of lines etched preferentially with dose de-
creasing from left to right. Of note is the increased width and integrity of the material
between these lines as the dose decreases. In fact the edges of the remaining features
charge and appear bright in the SEM images where electrically connected to the bulk of
the MoSs flake while those which are not connected exhibit a much lower contrast as the
edge. This is made somewhat clearer in figure G.1(e) which includes the edge detected

overlay as in figure G.1(c).
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Appendix G - Producing Meshes with Oxidation

(d) (e)

Figure G.1: Meshes of CVD-grown MoS2 produced by oxidation. (a) SEM image (inLens,
10 keV) of MoSy etched at native defect sites. (b) The same image after passing through
edge detection in matlab. (c) Overlay of the edge detection image (now in red) on the
original image. (d) Another SEM image (inLens, 10 keV) of MoS, etched at ion-induced
defect sites in an array of lines of progressively higher doses. (e) Same image repeated

with edge detection.
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