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Summary

In this work a range of highly focused charged particle beams were used to modify
the structure and geometry of materials. Recently discovered two-dimensional
(2D) materials were the focus of the work. Fundamental studies on the beam-
sample interactions were conducted. This knowledge was then used to achieve

nanoscale control of the modification.

Graphene consists of a single atomic layer of carbon in a hexagonal lattice. It
was first isolated in 2004[1] and has since been the focus of an intense research
effort[2] due to its unique properties. A low-energy electron beam was used to etch
carbon atoms from a graphene sample in a nitrogen environment. The etching was
observed to produce nanopores within the graphene. The localised generation of
nanopores in graphene can be used for gas filtration[3], hydrogen storage[4] or

DNA sequencing[5].

A direct modification approach was developed using a sub-nanometre beam of
helium ions. This beam has only been made available by the recently developed
helium ion microscope[6]. The helium ions were found to produce defects in the
graphene structure. The relationship between the ion irradiation and the struc-
tural modification was studied by Raman spectroscopy. The beam was also shown
to be capable of removing material from the graphene with nanometre precision.
Nanostructures such as ribbons were produced. The isolation of graphene into

nanoribbons is a known means to tailor its electronic band structure|7].



Summary vi

The technique of nanostructuring by a helium ion beam was extended to another
2D material, molybdenum disulfide (MoSs). This material also exhibits unique
properties when isolated at the nanoscale[8]. A model for the milling process was
used to determine the values of the experimental parameters required. The model
was found to agree very well with the experimental data. Milling was demonstrated
on the MoS,. The edge structure of the milled features has a strong influence on
their properties. Scanning transmission electron microscopy (STEM) was used to
determine the extension of the damage from the milled edges. Under optimised
milling conditions no damage was observed at the fabricated edges. A well-defined

edge could be created.

Helium ion beam fabricated holes in MoS, flakes were filled with carbon. The elec-
tron beam within a transmission electron microscope (TEM) was used to deposit
the carbon into the holes. The beam was then used to anneal the carbon to crystal-
lize its structure. This technique can be used to create a range of heterostructures

with unique properties.

The ion beam induced modification was then extended to a 3D sample. A gallium
ion beam was used to demonstrate the arbitrary geometries into which a sample
can be patterned. The fabrication of a thin sample for TEM analysis was used as
an example. A helium ion beam was then used to further control the geometry
and surface structure of the sample. The combination of the two beams facilitates
both the micro and nanoscale structuring and modification of a broad range of

materials.



Abstract

Modification and Analysis of Layered Materials with
Charged Particle Beams

Daniel Fox

In this work the controlled modification of 2D nanomaterials in order to tune their
structure and control their geometry was demonstrated. This was achieved using
a range of highly focused beams of electrons and ions.

The localised generation of nanopores within a sample using electron-beam acti-
vated gas etching was first described. The material used was graphene, a honey-
comb lattice of carbon just one atom thick. A model of the etching was developed.
Systematic investigations of the effect of the various parameters in the system were
used to support the model. Structural modification of graphene was then demon-
strated using a focused beam of helium ions (He™). Raman spectroscopy was used
to correlate the ion irradiation parameters with the sample damage. It was found
that a desired density of defects can be introduced into graphene by this method.
He* irradiation was also shown to be capable of fabricating nanostructures within
graphene flakes.

The He™ fabrication was then extended to thin (<3 layer) flakes of molybdenum
disulfide (MoS,). The irradiation of MoSs was modelled and this data was used to
design an experiment. The experiment showed that nanostructures can be milled
into these flakes. The damage produced at the edges of the milled features was in-
vestigated by high resolution scanning transmission electron microscopy (STEM).
It was found that the extent of the damage can be controlled such that no observ-
able edge damage was created. The nanostructures milled within the MoS, flakes
were then filled with carbon and annealed with an electron beam. This shows that
it is possible to use this technique to create unique new heterostructures.

Finally, the ion beam-induced modification technique was extended to a 3D ma-
terial system. A focused beam of gallium ions was used to tailor the geometry
of a section of silicon. This was shown to have applications in the preparation
of samples for transmission electron microscopy (TEM). A He™ beam was then
used to provide further sample modification control, producing samples that reveal
smaller feature sizes during TEM observation and less beam-induced damage than

can be achieved by a gallium ion beam alone.
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Chapter 1

Introduction

1.1 Introduction and Motivation

The goal of this work is to controllably modify the structure and geometry of
materials at the nanoscale. The materials which will be focused on are those with
a layered structure. When isolated in single or few layer stacks these materials are
considered two-dimensional, being no more than a few atoms thick. The first, and
most widely studied, of these materials is graphene, a single layer of carbon atoms.
Tuning of the structure of materials can be used to control their properties[9]. For
example, tuning of the electronic charge carrier density, or the electronic band gap

in graphene would facilitate its use in electronic devices[10].

Controlling the extent of the modification as well as confining the modification
within a nanoscale area are currently the main challenges. In this work the feasi-
bility of using focused beams of electrons and ions for this purpose will be investi-
gated. The ability to probe materials with nanometre, and in some cases atomic,
spatial resolution is already available in electron and ion beam microscopes. These
beams can be used to modify materials using the strong beam-sample interactions
occurring, as well as for imaging and analysis. They can be used to introduce a
well-defined density of defects within a nanoscale region of the sample. They can

1



Chapter 1. Introduction 2

also be used to directly remove material from the sample, enabling the isolation

of nanostructures.

The ability of these beams to modify the structure and geometry of two-dimensional
materials with the high level of control that is required remains to be investigated.
The modification of layered material systems with various types of charged par-
ticle beams has yet to be explored and optimised. The current understanding of
the beam-sample interaction will be developed through modelling, simulation and
experimentation. This knowledge will then be used to demonstrate state of the

art modification of recently isolated layered materials.

1.2 Outline of Thesis

This thesis begins in chapter two with an introduction to the materials which
feature throughout this work. Their unique properties, production methods and
previously attempted modification techniques will be described. The reason these

materials were selected will be made clear after reading this chapter.

The third chapter describes the modification techniques selected. The interaction
of the various beams within a sample, as well as the theory of the modification
mechanism will be presented. The use of focused beams of charged particles for

the modification of the selected materials will be justified within this chapter.

Next is a chapter on the various characterisation techniques used to assess the
extent of modification of the samples. The characterisation achievable by each

technique, specifically in relation to our samples, will be described.

The fifth chapter is the first of the experimental chapters. It details our work
on the nanostructuring of graphene with a low-energy electron beam. The effect
of various parameters within the system, such as those of the beam or the gas
environment, will be established. The physical process occurring will then be

described.
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The tailoring of graphene’s properties and structure are next demonstrated using
a focused beam of helium ions. The level of control achievable will be established.

The imaging capabilities of various focused beam techniques will also be compared.

In the seventh chapter milling of molybdenum disulfide with a helium ion beam will
be investigated. The effect of the milling on the edge structure of the molybdenum
disulfide will be analysed. The ability to fill a milled hole in the sample with

carbon, and then to crystallize the carbon will also be assessed.

In the final experimental chapter the extension of ion beam modification to three-
dimensional material systems will be explored. Novel applications of ion beam

milling will be demonstrated.

The last chapter presents the conclusions of the work undertaken in this thesis.
The future work which remains to be done will also be discussed, outlining the

challenges which future research must attempt to overcome.
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Chapter 2

Layered Two-Dimensional

Materials

In this chapter we will introduce graphene and molybdenum disulfide. Both of
these are layered materials which can be isolated as single layers. An overview
of relevant research based on the materials will be presented including their pro-
duction, properties and applications. Our discussion will be focused on the most
widely researched and the best understood of the two-dimensional (2D) materials,

graphene, with a brief introduction to MoS,.

2.1 Overview of Layered 2D Materials

2.1.1 Graphene

Graphene, the two-dimensional carbon allotrope, can be thought of as the basis
of the other sp? carbon materials as shown in figure 2.1. In this allotrope three
o bonds per atom are formed resulting in a planar hexagonal structure. The
remaining p orbital electron overlaps with adjacent p orbitals to form an out of
plane 7 bond. The primitive lattice vectors, a; and a, are shown in figure 2.1(a).

5
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FIGURE 2.1: The allotropes of carbon. (a) is graphene, the lattice constant a
(0.246 nm) is shown. (b) is graphite. (c) is a single-walled carbon nanotube
and (d) is a buckyball. Figure adapted from[12].

The hexagonal lattice constant, a, where a = |a;| = |as|, is equal to 0.246 nm.

The C-C bond length is 0.142 nm.

These two dimensional hexagonal sheets of carbon are AB stacked and held to-
gether by weak van der Waals forces to form graphite, figure 2.1(b). Furthermore,
fullerenes can be produced by rolling graphene up to form one dimensional nan-
otubes, figure 2.1(c). By introducing non-hexagonal member rings it can also be
wrapped up into a sphere to produce zero dimensional buckyballs, figure 2.1(d)

[11].

Zero and one-dimensional carbon allotropes were discovered in 1985[13] and 1991(14],
respectively. At this time graphene was thought not to be a stable structure. It
was not until 2004 when Novoselov, Geim et al.[1] conclusively demonstrated not
only that isolating single layers of graphite was possible, but also that this novel
2D material had some remarkable properties which deviate from those of its bulk
counterpart graphite. Throughout the years after their discovery the fullerenes

were the subject of widespread research, with carbon nanotubes being heralded
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as a potential component in a range of next generation devices[15]. With the dis-
covery of graphene a new wonder material was born and an explosion in graphene
research followed. In less than ten years there have been over 25,000 publications
on the topic of graphene. Graphene is the second material in its family to earn its

discoverer a Nobel prize.

2.1.2 Molybdenum Disulfide & Other 2D Materials

Transition metal dichalcogenides (TMDs) are a family of materials which consist
of a transition metal atom sandwiched between two chalcogen atoms. These layers
are then stacked and bound by van der Waals forces. The properties of the layered

materials vary widely, they can be semiconducting, semimetallic or metallic.

Molybdenum disulfide (MoSs) is one of the most interesting of these materials.
MoS, has a trigonal prismatic structure with a monolayer height of 0.68 nm[16]
(see figure 2.2). The hexagonal lattice constant, a, is equal to 0.316 nm and the
out of plane lattice parameter, ¢, is equal to 1.258 nm. The unit cell is constructed
from two layers due to the out of plane stacking order. Out of plane, MoS, stacks

AbA, BaB where A and B are sulfur atoms and a and b are Molybdenum atoms.

4

(a)

MosS, - Plan View

MoS, - Side View

FIGURE 2.2: (a) A layer of molybdenum disulfide shown in plan view. The

distance to which the lattice constant a (0.316 nm) refers is shown. (b) A cross-

section view of two MoSs layers showing the stacking order. The yellow atoms
are sulfur and the purple atoms are molybdenum/[16].
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Bulk MoS, is an indirect band gap semiconductor with a band gap of 1.2 eV. How-
ever, when isolated as a single layer MoS,; becomes a direct gap semiconductor with
a band gap of 1.8 eV[17]. Few layer MoS, can be probed by Raman spectroscopy,
with the spectrum showing a strong dependence on the layer thickness[18]. 2D
MoS, can be produced by the same methods as graphene such as mechanical

exfoliation, Chemical Vapour Deposition (CVD) or liquid phase exfoliation.

Monolayer MoS, does not possess the mobility of graphene. However, it does have
an electronic band gap. Due to this band gap electronic devices with large on/off
ratios of 1x10® have been demonstrated[17]. Single layer MoS, transistors can
produce devices with ultra-low power use in the off state. Monolayer MoS, is also

promising for optoelectronic devices due to its direct band gap[19].

The other semiconducting TMDs which can be exfoliated to single layers in-
clude molybdenum diselenide (MoSe;), molybdenum ditelluride (MoTes), tung-
sten disulfide (WS,) and tungsten diselenide (WSe;)[20-22]. An insulating 2D

material exists in the form of BN and NbSe; is a metal[23].

The rest of this section focuses on the production, properties and applications of

2D materials with graphene used as an example.

2.2 Production of Graphene

2.2.1 Mechanical Exfoliation

When graphene was initially discovered by Novoselov et al.[1] in 2004 it was pro-
duced by the mechanical exfoliation of graphite onto silicon substrates with a 300
nm SiO, layer. The surface oxide provides both an electrically isolating layer, and
also a means to identify single layer graphene under an optical microscope. An

image of a large, single layer, single crystal, mechanically exfoliated graphene flake
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FIGURE 2.3: (a) An optical micrograph of mechanically exfoliated graphene
flake[24]. (b) Electrostatic force microscopy phase image showing the differ-
ent layer thicknesses and typical domain sizes achieved by epitaxial growth of
graphene on SiC[25]. The arrow shows a bright area which indicates single
layer graphene. (c¢) An SEM image of a CVD graphene flake with many differ-
ent domains[26]. (d) A TEM image of a graphene flake suspended on a carbon
support film. The flake was produced by liquid phase exfoliation[27].

is shown in figure 2.3(a). The colour of the sample is shifted from violet-blue to

blue by the presence of a layer of graphene on the surface.

The process known as mechanical exfoliation is the peeling of graphite flakes from
bulk graphite with scotch tape until single layers remain. This graphene prepara-
tion process is simple and affordable and it can be used to produce large (typically

tens of um) high quality flakes. The combination of these factors facilitated the
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widespread adoption of graphene based research. However, the yield of single
layer flakes is low. This process is time consuming and is not scalable for device

integration.

2.2.2 Epitaxy and Chemical Vapour Deposition

Heating of silicon carbide at over 1,100 °C in low pressure (~ 100 pPa) can be
used to grow graphene epitaxially. The properties of this type of graphene are
almost as good as mechanically exfoliated graphene[28]. However it is challenging
to achieve large graphene domains with uniform thickness[25]. Figure 2.3(b) shows
the variation of layer thicknesses typically achieved. The growth environment and
the substrate cost are also limiting factors to the widespread adoption of this

production method.

A similar epitaxial graphene growth method is done on metal substrates by CVD.
This process can produce large, high quality graphene sheets. By using copper foil
and low pressure methane a self-limiting process is employed whereby very large,
single layer graphene layers can be grown[29]. A CVD graphene flake is shown
in figure 2.3(c). The size of a single crystal domain within the CVD graphene
layer is typically tens of microns. The CVD method is making rapid progress,
such as lower growth temperatures[30], which make it viable for electronic device

applications.

These CVD graphene sheets can be transferred to an arbitrary substrate[31]. A
polymer is first spin coated onto the graphene surface. The metal substrate is
then chemically etched away. The graphene is placed onto a new substrate and
finally the polymer is dissolved in solvent. This transfer process allows graphene
grown on metal substrates during the CVD process to be transferred to electrically
insulating substrates. The graphene can then be contacted to build electronic

devices. The transfer process does have some limitations. The use of polymers and
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solvents introduces contamination onto the graphene. Most of the contamination

is removed by heating after the transfer process, but some will always remain.

2.2.3 Liquid Phase Exfoliation

The final graphene preparation method that will be discussed here is liquid phase
exfoliation of bulk graphite. In this method graphite is ultrasonicated in sol-
vents with solubility parameters within a defined range[32]. The solvent has a
surface tension that favours an increase in the total area of graphite crystallites.
This results in the graphite being exfoliated down to few-layer and single-layer
graphene[27, 33]. Larger graphite pieces remain in the solution, but these can be
separated out by centrifugation. The surface energy matching between the solvent

and the solute stabilises the solution against re-aggregation[34].

Liquid phase exfoliation of graphite has been extended to high concentration dis-
persions and to high volume dispersions on an industrial scale of hundreds of
litres[35]. The liquid phase exfoliation of graphene was also extended to a range of
layered materials in 2011 by Coleman et al.[23]. This opened the field of graphene

research up to many new 2D materials.

This method of graphene preparation certainly has numerous advantages over the
other methods discussed, such as cost and scalability, however it is not without its
drawbacks. The size of the flakes produced is small, no more than a few pum, with
most of the single layer flakes being smaller than this. A typical flake is shown in
figure 2.3(d). There is no way of isolating only single-layer dispersions, few-layer

flakes will always be present and will outnumber the single-layer flakes.

For electron microscopy the solvent needs to be removed from the flakes before
imaging. The use of low boiling point solvents such as isopropanol (IPA) make low

temperature (80 °C) baking sufficient to clean the flakes. Without a baking step a



Chapter 2. Layered 2D Materials 12

carbon contamination layer will build up on the flakes during imaging. The pres-
ence of contamination is also important for device applications. Contamination

has been found to chemically dope graphene[36].

Table 2.1 gives an overview of the advantages and disadvantages of the various

graphene preparation techniques outlined in this section.

Graphene Advantages Disadvantages

preparation

technique

Mechanical Best quality Time consuming

exfoliation[1]

Epitaxial growth on High quality High temperature pro-

SiC[37] cess, difficult to control
domain size and thick-
ness

CVD|38] High quality, large sin- | High temperature

gle layer growth process, contamination

during transfer

Liquid phase Cost effective, scalable | Small flake size, typi-

exfoliation[27] cally few layers, solvent
removal

TABLE 2.1: Table of the advantages and disadvantages of the most common
graphene production techniques.

2.3 Properties of Graphene

Graphene exhibits many fascinating properties due to its 2D structure. The
o bonds which covalently connect neighbouring carbon atoms in graphene are
stronger than those found in diamond[39]. In 2008 Lee et al.[40] determined
graphene to be the strongest material ever tested. For their measurement they
used the tip of an atomic force microscope to indent graphene suspended over
a hole in an SiO, substrate. They also found that graphene is highly flexible.
Graphene’s thermal conductivity was investigated in 2008 by Ghosh et al[41].
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FIGURE 2.4: The dispersion relation of an insulator or semiconductor is shown
on the left. The conical dispersion of graphene near the Dirac point is shown
on the right.[44]

They used a non-contact optical technique and found it to be the highest recorded
yet at nearly 5,000 W m~'K~!, over an order of magnitude greater than that of
bulk silver (~410 W m 'K™') or copper (~390 W m 'K™!), the most common

thermal conductors.

Graphene also exhibits remarkable electrical properties due to the m-orbital per-
pendicular to the plane of the ¢ bonded hexagonal lattice. As these m-orbital
electrons interact with the periodic potential of the hexagonal lattice, graphene’s
novel energy spectrum is formed[42]. The conical shape of the energy spectrum
where the valence and conduction bands touch gives graphene a linear energy spec-
trum, as shown in figure 2.4. The motion of charge carriers in graphene near the
Fermi energy is well described by the massless Dirac equation. It is due to this un-
usual linear energy spectrum that graphene exhibits interesting two-dimensional
electronic properties such as Klein tunnelling, the half-integer quantum Hall ef-
fect and other quantum electrodynamic phenomena which can be studied using a

desktop experiment[43].

Graphene has been found to have carrier concentrations of up to 10'® cm=2 with
mobilities exceeding 10,000 cm?V~!s7![1] on a substrate. An atomically smooth

substrate can be used to enhance the carrier mobility of graphene by reducing
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substrate induced scattering. Mayorov et al.[45] used atomically smooth boron
nitride layers to encapsulate a layer of graphene. They measured a mobility of
> 100,000 cm?V~1s71. Bolotin et al.[46] went on to demonstrate an increased
mobility of 200,000 cm?V ~'s~! by suspending a graphene flake between electrical
contacts, thus eliminating substrate induced scattering. This value is the same as

the maximum theoretical value predicted by Morozov et al.[47]

2.4 Applications of Graphene

The combination of graphene’s mechanical strength, thermal dissipation potential
and outstanding electrical properties mean it is ideally suited for applications in a
range of next generation devices. Graphene can be used in epoxy nanocomposites
to produce stronger and stiffer materials than other nanocomposites[48]. Graphene
can be used to replace the expensive indium tin oxide (ITO) anode currently used
in organic Light Emitting Diodes (LED). This could lead to cost-effective flexible
displays[49]. Graphene is very efficient at absorbing light, it could therefore be

used to make efficient light sensors and solar cells[50].

Many other applications such as hydrogen storage[51], single molecule detection[52]
and supercapacitors[53] all show a lot of promise and are currently being opti-
mised. Graphene has been used to demonstrate a 300 GHz Field-Effect Tranistor
(FET)[54], and is theoretically capable of producing devices with frequencies up
to tens of THz[55].

While graphene has highly mobile charge carriers, resulting in high switching
speeds, it is a zero gap semiconductor. Semiconductor logic devices require a band
gap in order to achieve an off state. Due to the touching of the valence and con-
duction bands, and the resulting lack of an electronic band gap, a graphene device
would have a poor on/off ratio. Typical on/off ratios for graphene devices are less

than 10. The International Technology Roadmap for Semiconductors (ITRS)[10]
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states that the on/off ratio for a silicon transistor successor should be in the range

of 1x10% to 1x107.

For practical adoption of such devices a band gap would need to be engineered.

This highlights the necessity for modification of graphene’s properties.

2.5 Modification of Graphene

The broad range of applications to which graphene could be applied is clear.
However, a precise and reliable method for tailoring the properties of graphene is

required before many envisioned applications can be realised practically.

One property which must be tailored is graphene’s band gap. An electronic band
gap is required for switching operations. Graphene also requires a tunable carrier
concentration, as well as control of the type of charge carriers. Current genera-
tion silicon technology uses ion implantation to modify these properties but new
techniques need to be developed for 2D materials. A further level of control which
must be achieved is that of the lateral dimensions of graphene. Nanoscale fabri-
cation of structures such as nanopores and nanoribbons opens up a large range of

graphene applications.

Many methods of modifying graphene have been attempted with varying degrees
of success to date. Controlled defect introduction in graphene can be used to alter
its electronic structure[56] as well as its mechanical[57], thermal[58], optical[59]
and magnetic properties[60]. Graphene NanoRibbons (GNR) are desirable for
electronic[61, 62] as well as potential spintronic[63] applications, while graphene
nanopores have potential as DNA sequencers[5], gas separation membranes|[64]

and in hydrogen storage[65].
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2.5.1 Tuning the Transport Properties

In order to tune the transport properties of graphene many techniques have been
employed. Graphene has been found to have a tunable band gap by varying
the electric field applied to a bilayer sample[66]. Bilayer graphene however, does
not possess the same unique properties as monolayer graphene. This is because
monolayer graphene has a linear dispersion, whereas bi-layer graphene has a more

common parabolic dispersion.

Leenaerts et al.[67] found from a first principles study that molecules adsorbed on
graphene, such as NO, and NHj, resulted in p-type and n-type doping respectively.
Control of graphene doping, i.e. n-type or p-type, can also be achieved by engineer-
ing its contacting substrate, for example, tetrafluoro-tetracyanoquinodimethane

(F4-TCNQ) for p-type[68] and SiO, for n-type[69].

The introduction of defects into the structure of graphene has been found to pro-
vide a means to engineer its conductivity[56]. It was found that there was metallic
behaviour within the region of a vacancy defect, allowing enhancement of the con-
ductivity by an order of magnitude. Defects in acid-treated graphene have also
been found to affect its electronic structure by bond cleavage[70]. This process in-
volves breaking the C-C bonds by electrophilic attack and damages the structure
of graphene. In each of these modification techniques electronic scattering was
introduced into the graphene and the charge carrier mobility was subsequently
reduced. A trade-off between conductivity enhancement and carrier mobility re-

duction could be observed.

Energetic beams of charged particles have also been used to modify the structure
and properties of the surface of materials. The effect of low energy electron beam
irradiation on graphene was investigated by Teweldebrhan and Balandin[71]. They
used a Scanning Electron Microscope (SEM) to expose a graphene sample to elec-

trons and measured the resulting effect with Raman spectroscopy. They found
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that even relatively low energy irradiation of graphene (<20 keV) caused a signifi-
cant shift in the material’s optical response. This was attributed to bond breaking
and sample heating which, over a period of several hours, resulted in disordering
and partial amorphization of the graphene lattice. These findings indicate that
such a beam can be used to introduce defects and affect a change in graphene"s
properties. However, the precise mechanism of this modification is the subject of
debate[72, 73] as other factors, such as the build up of contamination, could have

a significant effect on this time scale of several hours.

2.5.2 Tailoring the Geometry

Geometry engineering at the nanoscale can be used to produce unique structures
and can provide a precise method to tune a material’s properties(74]. Several
etching techniques have been used to pattern the geometry of graphene. Oxidative
etching of graphene was achieved by Liu et al.[75]; they heated the SiO, substrate
to 600 °C and exposed the sample to an oxygen rich environment. Etch pits were
observed to form due to the etching process as shown in figure 2.5(a). While this
method can be used to produce a modified graphene surface it suffers from the
limitation of requiring the sample to be in contact with a substrate. The substrate
must be thermally conductive to allow the heat to be supplied to the sample. It is
also not selective in the area that is etched; the whole sample is subjected to the

process.

More precision can be added to this technique by defining the starting points for
the oxidation to occur. Nemes-Incze et al.[76] used an Atomic Force Microscope
(AFM) to create an array of holes in graphene supported on an SiO, substrate.
They then used an oxygen-nitrogen atmosphere and a temperature of 500 °C to
etch these holes into large etch pits. After an annealing step in argon at 700 °C
hexagonal etch pits with crystallographically orientated edges, as shown in figure

2.5(b), were produced. This process involves multiple high temperature steps
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one-layer-deep pit

FIGURE 2.5: (a) Thermally assisted oxidative etching of graphene[75]. (b)
Etch pits in graphene, after annealing crystallographically orientated edges were
produced[76].

which are expensive and time consuming and ultimately not practical in device

production.

Graphene can also be patterned by a focused probe of high energy electrons. The
electrons must transfer sufficient energy to the atom to overcome the displacement
energy’ of the carbon atoms in the graphene lattice[77]. This value has been found,
both theoretically and experimentally, to be ~20 eV[78]. The carbon atom can
then be removed by the physical sputtering, or knock-on, process. The minimum
electron beam energy required to do this is ~86 keV[79]. By this process nanopores
as seen in figure 2.6(a) can be fabricated[5], these pores can be made as small as
3 nm in diameter[80]. The pore size can be further controlled by subsequent

irradiation and heating as seen figure 2.6(b)[81].

The Transmission Electron Microscope (TEM) pore fabrication process was ob-
served to produce structural deformation around the edge of the hole. This effect

can be seen in figures 2.6(a) and (b). The TEM is not a practical approach for

!The displacement energy, Tp, is the minimum kinetic energy that an atom requires to be
permanently removed from its lattice position.
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FIGURE 2.6: (a) A TEM fabricated graphene nanopore[5]. (b) A TEM fabri-
cated nanopore after in situ annealing for 6 min at 400°C[81]. (¢) A nanopore
which was grown by TEM irradiation of a helium ion induced defect[82].

fabrication due to the expense of the tool and the rate of the sample patterning,

each pore requires a patterning time of a few seconds.

The pore fabrication process can be initiated by the introduction of defects into
the material. Russo and Golovchenko[82] used helium ion irradiation to create
defect sites in graphene. They then used subsequent TEM irradiation to grow
the defects into pores. This approach highlights the requirement for more efficient

modification beyond that achievable by TEM.

2.5.3 Graphene Nanoribbons

Graphene NanoRibbons (GNRs) provide a means to open an electronic bandgap|[62].
GNRs can be produced with two different edge orientations, shown in figure 2.7. In
figure 2.7(a) the armchair edge orientation of the nanoribbon is highlighted in red.
In figure 2.7(b) the zigzag edge orientation of the ribbon is highlighted. Zigzag
edges are the more stable edge configuration as determined both theoretically and

experimentally[83, 84].

GNRs with the zigzag edge orientation present spin polarised edges. However it

is GNRs with the armchair edge orientation which have a tunable band gap. This
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FIGURE 2.7: An illustration of graphene nanoribbons with armchair (a) and
zigzag (b) edge orientations|[85].

band gap scales inversely with the GNR width[86]. Armchair edge GNRs less
than 20 nm wide can be used for room-temperature FET operation[87], however
the band gap is very small at only 30 meV and so the on/off ratio would be very

low.

In order to produce a band gap greater than 0.3 eV a ribbon width of less than
8 nm is required[88]. If larger band gaps which are comparable with those of Si,
InP or GaAs are required the ribbon width must be 1-2 nm. The edge orientation
must also be carefully controlled with a pure armchair edge providing the largest
band gap. The challenge is to find a technique which can reliably and rapidly
produce 1-2 nm wide GNRs with a preselected edge orientation and minimal edge

damage.

2.5.3.1 Chemical Production of GNRs

GNRs have been produced by many different techniques to date. A combination of

heating graphite in a forming gas and dispersing the resulting material in solvent
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have been used to produce solutions of GNRs[61, 89]. These chemically derived
nanoribbons have been produced with widths as narrow as 2 nm. These ribbons
have been shown to have on/off ratios of ~ 10 at room temperature. This would
be a suitable value for next generation devices. However, the production process

yields a range of ribbon widths as well as multilayer ribbons.

Thermally activated nickel nanoparticles have been shown to etch graphene along
high symmetry directions in the crystal, i.e. producing zigzag or armchair edges.
This method can produce <10 nm wide ribbons[90, 91]. There is a limited amount
of control using this technique. The etching occurs along preferred directions and,

as such, arbitrary geometries cannot be patterned.

The production of graphene nanoribbons from carbon nanotubes has also been
achieved. Interestingly it was almost a decade before the isolation of graphene
that structures similar to graphene nanoribbons were first investigated. Nasreen
et al.[92] reported their work on ‘flattened’ carbon nanotubes, discussing the po-
tential effect of this structure on the material’s properties. It has only been over
the past couple of years that the process of fabricating nanoribbons of graphene

from carbon nanotubes has received significant attention.

One approach to creating nanoribbons from nanotubes was developed by Jiao et
al.[93] They produced ribbons with smooth edges and widths between ten and
twenty nanometres. A polymer layer was spin-coated onto a substrate which had
been deposited with carbon nanotubes. They found that when the polymer layer
was removed from the substrate the nanotubes were partially exposed on the un-
derneath of the film. An argon plasma was used to etch the exposed region. When
removed from the polymer film the nanotubes were found to have been converted
to ribbons of graphene. While this process can produce good quality GNRs which
remain structurally intact, it can also cause breaking of the nanoribbons. It is a
multistep process with contaminating polymers and solvents necessarily coming

into contact with the graphene.
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Tube unzipping

FIGURE 2.8: An illustration of the process of oxidatively ‘unzipping’ a carbon
nanotube to produce a narrow graphene nanoribbon[94].

Another technique developed by Kosynkin et al.[94] uses a solution-based oxida-
tive etching process to ‘unzip’ nanotubes. An illustration is shown in figure 2.8.
While this process results in high yields of nanoribbons it introduces significant
chemical modifications to the graphene. The graphene must be chemically reduced
to restore some electrical conductivity; however even after this step the graphene

contains oxygen functionalities on its surface and edges.

Electron Beam Lithography (EBL) is a common technique for patterning features
with dimensions down to ~20 nm. EBL can be used to pattern graphene into
nanoribbons. In EBL a resist is spin coated onto the substrate. A pattern is
exposed within the resist by the focused electron beam of an SEM. In the case
of a negative resist such as Hydrogen SilsesQuioxane (HSQ) the exposed area
remains unaffected by a solvent bath while the unexposed resist is removed leaving
the underlying graphene exposed. The exposed graphene is then removed by a
reactive ion plasma. The limitations of this technique occur due to the sample
contamination introduced by the use of chemicals in this resist-based process,

HSQ is not easily removed.
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In 2007 Chen et al.[87] demonstrated the production of GNRs by EBL. The lim-
itations of the process resulted in the narrowest ribbons being no less than 20nm
wide. They also found that the ribbons had rough edges which introduced scat-
tering and increased the device’s resistivity. The width of the ribbon meant that
no appreciable band gap was opened and it was therefore not suitable for room-
temperature transistor operation. More recently EBL GNRs down to 12 nm wide

have been produced with bandgaps of up 0.1 eV[95].

EBL has the advantage of being a fast and scalable approach, however, a sufficient
bandgap to make EBL a viable route for production of GNRs with high on/off
ratios at room temperature has not been achieved. This is due to the fundamental
limitations of this technique imposed by the proximity effect which limits the
minimum size of features that can be produced by EBL. The proximity effect is
caused by the interaction of the beam with the resist and the substrate. Unexposed
areas of the resist receive a non-zero dose if they are in close enough proximity to an
exposed area. The final features are therefore larger than the defined pattern. The

resolution of the technique is typically limited to around 20 nm feature sizes[96].

The proximity effect which limits the feature sizes produced by EBL is significantly
less of an issue in helium ion beam lithography (HIL)[97-100]. A focused beam
of helium ions can also be used to expose a resist as it is the secondary electrons
produced by the beam, and not the primary beam itself, which expose the resist.
The other steps in the process are the same as those used in EBL. The helium ions
used in HIL have the same energy as the electrons typically used in EBL. HIL is

superior to EBL for several reasons.

e Helium ions remain more spatially confined within the resist than electrons.

e The yield of secondary electrons is higher for a helium ion resulting in more
efficient resist exposure.

e The secondary electrons produced by the helium ion beam have a lower

energy, these lower energy electrons are more efficient at exposing the resist.
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e The yield of backscattered ions is much lower than the yield of backscattered
electrons in an SEM. Backscattered particles return to the surface and expose
the resist in a different area to where it entered the resist, this reduces the

resolution of the exposure.

However, HIL is still in its infancy and it remains to be seen what the potential,

as well as the practical limitations, of this technique may be.

2.5.3.2 Physical Production of GNRs

Scanning Tunnelling Microscopy (STM) has been used to produce GNRs with a
width of 2.5 nm and a band gap of 0.5 eV[101, 102] which will provide a high on/off
ratio. This value is comparable with the bandgap of germanium, 0.67 eV. This
technique provided interesting insight into GNRs for fundamental investigations

but does not offer a practical means of GNR production on a larger scale.

Focused beams of charged particles can be used to pattern materials. The dose
required to mill is orders of magnitude greater than that required to image. In-
spection is therefore possible on the same tool in situ without causing significant
damage[103]. The sub-nanometre probe size which can be achieved with electron
and He™ beams allows patterns with feature sizes an order of magnitude smaller
than EBL or Focused Ion Beam (FIB) machining to be achieved. Patterning with
these beams can be done directly without using resist-based techniques and with-
out implanting metallic contaminants which cannot be avoided in other focused

particle beam tools such as the gallium FIB.

Nanoribbons can be sculpted by a focused probe of high energy (> ~86 keV)
electrons. A TEM with a 200 keV beam energy was used to produce the GNR
shown in figure 2.9(a)[104]. GNR patterning with a TEM was also demonstrated
by Robertson et al.[105]. They fabricated the GNR shown in figure 2.9(b) using

an 80 keV beam energy. This energy is technically under the minimum e-beam
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energy required to transfer sufficient energy to overcome the displacement energy
threshold of carbon atoms in graphene. However, at a sufficient beam dose defects
will be produced in the graphene which lower the carbon displacement energy.
The TEM provides in situ characterisation of the ribbons fabricated. However, as
mentioned in section 2.5.2 the TEM is not a practical tool for fabrication as it has

very limited throughput.

FIGURE 2.9: (a) A GNR produced in suspended graphene by a 200 keV focused
electron beam[104]. (b) A GNR produced in suspended graphene by an 80 keV
focused electron beam[105]. (¢) A 5 nm wide graphene nanoribbon fabricated

in suspended graphene by a focused helium ion beam[106].

A focused helium ion beam has also been used to pattern graphene into ribbons.
Early work on the patterning of graphene with a focused helium ion beam in 2009
produced minimum feature sizes of ~10 nm[106-108]. The team further improved
on this result in 2010 by fabricating GNRs with line widths as narrow as 3 nm[109].
A high aspect ratio ribbon which is just 5 nm wide is shown in figure 2.9(c). The
lattice damage due to the milling was found to recover at a distance of about 1

nm from the patterned edge.

This direct patterning is not possible with low energy (typically up to 30 keV)
electron beam irradiation in the SEM as no sputtering of material occurs[110]
below ~ 86 keV. Helium ion beam milling is also more efficient than high energy
e-beam milling employed in the TEM[111] due to the higher rate of energy transfer

from the He™ to the sample. Zhou et al.[112] concluded in their review of graphene
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patterning techniques that the “Nanostructuring of graphene is most convincingly

demonstrated by helium ion microscopy”.

In order for HIM to be realised as a viable technique for GNR fabrication some
issues will need to be overcome. An understanding of the beam-sample interac-
tions occurring will be required. As the edge structure is key in determining the
properties of the GNR the extent of the edge damage introduced by the HIM pat-
terning process needs to be further investigated. The patterning parameters must

also be optimised in order to attain the best modification results achievable.

Graphene has been shown to have unique properties which are of great interest
for many applications. Other layered materials, such as MoS,, are now being
extensively researched as they too can display unique properties when isolated as
single layers. A greater range of uses for these materials can be enabled by control

of the structure and geometry of the material.

A modification technique which has nanoscale spatial resolution is required. The
technique must provide sufficient control to tune the properties or the geometry of
a 2D sample. The properties must be tuned to control the electronic response of
the material so that it can be used for device applications. Geometrical tailoring
is another route to altering the electronic band structure of the material. A well
defined edge structure with minimal damage extension is required for best results.
Tailoring the structure can not only modify the electronic properties but can also
produce nanopores which are required for a range of applications as discussed in

section 2.5.

Chemical etching and physical sputtering are among the modification techniques
most widely used. Chemical processing generally introduces contaminants and
defects, whereas physical modification is a more direct and controllable approach.
Focused beams of charged particles provide the highest resolution direct modifi-

cation of layered materials.
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The question of the ability of a <30 keV beam of electrons to modify graphene,
and to what extent this can be exploited, remains to be fully answered. The
direct structural modification and material removal by a highly focused beam of
helium ions is also a technique which has yet to be explored and optimised. The

mechanisms by which this can be achieved will be discussed in the next chapter.
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Chapter 3

Modification Methodologies

In the previous chapter a review of 2D materials was presented. The modification
requirements for these materials are now understood. The main requirements are
the introduction of a well-defined amount of damage and nanoscale lateral control.
The most promising techniques which can be used to modify these materials were
also discussed. EBL, chemical etching and plasma etching showed potential but it
was the charged particle beams which were deemed most suitable. The challenges

and limitations of these techniques were clarified.

In this chapter we will describe in detail the methodologies which we have adopted
in this work. We have developed new techniques based on our understanding of
the limitations which exist with current technologies. These techniques employ
the use of charged-particle beams. Finally, characterisation techniques such as
charged-beam microscopy, as well as optical and spectroscopic techniques, will be

described.
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3.1 Focused Electron Beam

The capability of a beam of electrons to modify a material was first assessed.
The energy coupling between the beam and the sample must be investigated to

determine if this method is feasible.

3.1.1 Beam-Sample Interaction

When a beam of electrons enters a sample it will begin to transfer energy to
the sample through various collisions. The maximum energy transferred through
elastic scattering! depends on the beam energy and the mass ratio of the two
particles. The maximum transferable energy, T,,, from a projectile (beam particle)

of energy F to an atom is given by[113]:

AM, M,
e 2 Al
(M, + M,)? S

where M, and M, are the mass of the projectile and target atom respectively. In
the case of two particles with identical masses an efficient energy transfer occurs.
As the masses diverge the energy transfer becomes inefficient and a higher beam

energy is required to transfer significant kinetic energy.

An electron and a carbon atom have significantly differently masses (1:21,800),
however, a sufficiently high energy electron beam can transfer enough energy to
overcome the carbon displacement energy. Displacement energies for most ma-
terials are typically a few eV. In the case of sp? bonded carbon in graphene the

electron beam energy must be >~86 keV for knock-on damage to occur.

Elastic scattering can also cause the beam electron to deviate from its original
trajectory in the sample. The exact scattering events which a particular particle

will undergo after entering a sample cannot be precisely predicted as this is a

Elastic scattering refers to the interaction between the beam and a sample nucleus.
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stochastic process. Instead we must describe the probability, P(E), of an event
occurring. The probability, or cross section (o.), for elastic scattering above a

minimum angle ¢q is described by the equation[114]:

z? bo
= -20 2
O = 1.62 x 10 <E‘5> cot <3) (32)

where Z is the atomic number of the sample and E is the energy of the projectile.
From this equation we can see that o, is approximately o 1/E?. The scattering

angle is also strongly forward scattering.

The trajectories of 200 electrons in a bulk carbon target were simulated using
the ‘monte CArlo SImulation of electroN trajectory in sOlids’ (CASINO) software
package[115]. The result is shown in figure 3.1. Multiple beam energies were used.
The 5 keV beam on the left experiences strong deflection and deposits its energy
in the sample within a short distance. The 20 keV beam on the right remains
fairly well collimated within the sample for the first few hundred nanometres. It
then begins to lose energy and become more severely deflected, eventually coming
to rest. In these simulations the electron path is no longer plotted when its energy
becomes less than 50 eV. The red paths are created by electrons which have

backscattered within the sample and are moving towards the surface.

The simulation can be used to find the average size of the area on the surface
through which backscattered electrons (BE) escape from. This value is related to
the interaction volume of the beam in the sample. It gives an idea of the effect
of beam energy on modification resolution. For a 5 keV beam energy the surface
radius of BE was 25 nm. This value increased to 66 nm for a 10 keV beam energy.
For 15 keV it was 195 nm, and finally for 20 keV the surface radius of BE was 454
nm. This trend approximately follows the same relationship as the penetration

depth vs. beam energy, i.e. the surface radius of BE is approximately oc E?.

The cross section for elastic scattering is also approximately oc Z2, where Z is the

atomic number of the atoms from which the sample is composed. This relationship
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SkeV  10keV 15 keV
» A
500_'"“ Carbon target

FIGURE 3.1: Simulated trajectories of 200 electrons in a carbon target. The
interaction volumes of four beams with different energies are shown.

Ag Au

FIGURE 3.2: Simulated trajectories of 200 electrons in carbon, silver and gold
targets.

was modelled in the simulation in figure 3.2. The simulation uses an electron beam
energy of 10 keV and samples of carbon, silver and gold with atomic numbers of
6, 47 and 79 respectively. The stronger interaction in the gold causes the beam to
deposit its energy near the surface of the sample and not penetrate as deep as in

the carbon sample on the left.
A summary of the main points of the elastic scattering process is given below:
e For knock-on damage to occur the displacement energy of an atom in the

sample must be overcome. A beam with sufficient energy can remove sample

material by this mechanism.
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e The most probable elastic collision will result in a minor deviation of a beam

electron from its path. Scattering to higher angles is less common.

e Lower energy beams undergo many collisions within a short distance in the
sample. They do not penetrate as deep and they produce secondary signals

from a more localised region of the sample.

e Samples with higher mass elements cause a beam to scatter more strongly.

The beam penetration is shallow.

The beam electrons can also scatter inelastically whereby energy is transferred to
the sample electrons. Inelastic scattering can break the chemical bonds in a sample
by a process known as radiolsysis. This bond breaking can alter the structure and
properties of materials. If sufficient radiolysis occurs a crystal structure can be

degraded to a more amorphous form.

Another significant process which occurs during the irradiation of a sample with an
electron beam is contamination. Hydrocarbon molecules are present on the sample
surface and in the imperfect vacuum (100 pPa) of the chamber. Hydrocarbons are
highly mobile on most surfaces. Inelastic scattering produces secondary electrons
which dissociate the hydrocarbons resulting in the deposition of a polymerised
carbon layer on the surface of the sample. An example of carbon contamination

spots deposited by a focused electron beam can be seen in figure 5.1(b).

3.1.2 Low Energy E-beam Activated Gas Etching

It was shown in section 2.5 that nanopores can be created in graphene by heating
it in a gaseous environment. By this process a reaction between the oxygen gas
and the carbon atoms was activated and pores were created in the graphene. How-
ever this process is not localised. On the other hand, modification of graphene’s

geometry cannot be achieved by an electron beam with an energy < ~86 keV.
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What we wish to consider is the possibility of etching graphene by supplying
energy to the system with a low-energy (<30 keV) focused electron beam. The
electron beam can provide the energy required to overcome the activation energy
to facilitate a reaction between carbon and a gas, in this case nitrogen. The energy
from the electron beam is coupled to the system both by ionisation of nitrogen
gas and by heating of the graphene sample. This approach can provide nanoscale

graphene modification which is localised to a confined region of the sample.

In order to understand the etching process the probability of the nitrogen ionisation
by the electron beam will first be calculated. This process is dependent on the
energy of the electron beam. A lower energy electron beam (down to 100 eV) will
couple energy more efficiently to the nitrogen molecule and result in an increased

ionisation cross section.

The lower energy electron beam also couples energy more efficiently to the graphene
sample. The transfer of energy to the graphene leads to a reduction of the activa-
tion energy, the energy required for the nitrogen and carbon atoms to react. After
the reaction a gaseous species is created and diffuses from the region of the sample
surface. The activation energy for the reaction is also reduced at defective sites,
such as flake edges or vacancies. At these locations the reaction rate is higher and

more etching will occur.

The ionisation cross section, o;(E), was calculated by using the Binary-Encounter-

Bethe (BEB) equation[116].

gh . {ant (1—i> L (1—1— L )J (3.3)

t+(u+1)/n| 2 T it

where t = E/B, u = U/B, S = 4na’N (Rg/B)*, ao = 0.52918 A, Ry =
13.6057 eV and @ is approximated to 1. E' is the energy of the electron beam. The
binding energy B, the orbital kinetic energy U, the electron occupation number
N, and a dipole constant () are constants for each orbital within a given atom or

molecule. The total ionisation cross section for a given atom or molecule is found
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F1GURE 3.3: lonisation cross section of the nitrogen molecule as a function of
the energy of an incident electron.

by summing the contributions from each orbital. The calculation must then be
repeated if the ionisation cross sections for multiple electron beam energies are

required.

From figure 3.3 we can see that the ionisation cross section increases as the electron
energy decreases until a maximum is reached at approximately 100 eV, at which
point the cross section decays again. This was plotted using equation 3.3 with

electron energies from 15 eV to 5 keV and the values for the nitrogen molecule[117].

We then consider the energy transfer from the electron beam to the graphene
sample. The Bethe model[114] can be used to describe the rate of energy loss, dF,

with distance travelled in the sample, dS. This equation is given as:

dE Zp . (1.166E;
— =2me* N 1 4
kR T ) n( 7 > el

where e is the electron charge, Ny is Avogadro’s number, Z is the atomic number,
p is the density of the sample, A is the atomic mass, E; is the electron energy at
any point in the sample and J is the average energy loss per event. If we consider

only the energy loss through phonon excitation then we can estimate the thermal
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energy deposited in the sample using equation 3.4. Equation 3.4 states that the

energy transferred to the sample increases as the beam energy is decreased.

Interactions with the sample through mechanisms such as plasmon excitations
will also couple energy to the graphene and contribute to the heating effect. The
overall trend of a stronger coupling of energy from the beam to the sample at
lower beam energies is still valid and is estimated using the above simplification.
Other factors, such as vacuum and surface contaminants, are likely to contribute
to the etching process to some extent. However, these factors will be minimised
through sample cleaning and careful sample handling. As a result of theoretical
consideration we do not expect them to contribute significantly to the etching

process, this will be confirmed experimentally.

The two equations (3.3 and 3.4) can then simply be combined as they represent
independent processes. The combination of these two equations, shown in equation
3.5, describes the rate of energy transfer from the beam to the gas etching reaction.

The rate of energy transferred to the system is equivalent to the etching rate.

Zp 1.166 E;
R = k2me*N, In
i 07 < ) <t+ S /n>

{2 (1_%2) = Q)<1_%—tlit1>} S

1

where R is the etching rate and k is a scaling parameter with a unit of nm s~
keV~!. The area of material removed, A, is dependent on the electron energy and

is equal to the etching rate, R, multiplied by the etching time,

A )= B (3.6)

This approach provides a means to remove material from a graphene sample. The

etching is spatially controlled by positioning the electron beam on the sample. A
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pattern of a required geometry can then be produced by moving the electron beam

across the sample surface.

3.1.2.1 Control of the E-beam Modification

There are a range of parameters which may be adjusted to control the modification
of two-dimensional materials in the gas assisted e-beam etching process. These
parameters include, the probe size, the beam dwell time, the beam current, the
beam energy and the gas pressure. Control of these parameters can be achieved

in a scanning electron microscope (SEM).

The electron beam must be confined to a small region on the sample surface. This
is required to localise the etching process to a well-defined area. The electron

beam is focused onto the sample surface as described in section 4.1.

A measurement of the size of the electron probe can be made during experiments.
When a high magnification image of a sample with a sufficiently sharp edge is
acquired, the intensity profile across that edge is attributed to the size of the
imaging probe. A flake of graphene suspended on a holey carbon support film was
imaged before our experiments in order to measure the probe size. The intensity
profile across the flake edge was plotted using the ImagelJ software package[118].
The intensity of the flake was taken as 100% while the surrounding area was 0%
intensity. The distance over which the intensity drops from 75% to 25% was taken
as the probe size. The electron probe size achieved in an SEM is typically less

than 10 nm and is ~1 nm in modern instruments.

The position of the electron beam on the sample can be adjusted using electromag-
netic scanning coils. The coils are located within the electron column and deflect
the beam laterally in a matrix pattern during imaging. They can also be used to
drive the beam arbitrarily, although the use of an external scanning control system

is often required to achieve complex patterns.
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The beam current can be adjusted by changing the strength of the condenser lens.
A stronger condenser setting will bring the crossover plane within the column
further above the aperture, allowing less current to reach the sample. The current
can also be adjusted by changing the size of the beam limiting aperture. Inserting
a smaller aperture will reduce the current which reaches the sample. Using these

methods the current can be adjusted from 9 pA to 5 nA in the instrument used.

The dwell time, or time to which the sample is exposed to the electron beam, can
be controlled by deflecting the beam off the sample by a beam blanker. An electron
beam blanker typically allows a minimum exposure time of between 100 ns and 10
pus. The time of exposure, combined with the beam current, will determine how

many electrons are available in the experiment.

Another parameter which must be considered is the energy of the electron beam.
A potential difference within the electron column is used to vary this parameter.
In an SEM the beam energy is typically controllable within the range of a few

hundred eV to 30 keV.

As well as controlling the number of electrons available in the experiment, the
number of gas molecules can also be controlled. By adjusting the flux of gas
into the SEM chamber we can ensure that the desired number of gas particles

contribute to the etching. The pressure range available is from 70-400 mPa.

The process of low energy e-beam etching is more controllable and practical than
the other techniques reviewed in the previous chapter. This method is truly con-
fined to the nanoscale, with a fabrication resolution of just tens of nanometres.
The resolution is primarily limited by the diffusion of nitrogen ions from the region

of the electron probe.
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3.2 Focused Gallium Ion Beam

A direct patterning technique can be achieved through the use of a focused beam
of gallium ions. Gallium ions directly displace atoms from the sample without the

need for an etching gas due to their large momentum.

3.2.1 Beam-Sample Interaction

Gallium ions interact strongly with material. They have a mass of over 127,000
times that of an electron. When supplied with sufficient kinetic energy the ions
can cause significant damage and material removal from the surface of a sample.
The energy transfer from a gallium ion to a carbon atom is so efficient that a
gallium ion with a kinetic energy of only a few tens of eV can displace a carbon

atom from a graphene lattice.

Gallium ions are typically accelerated to 30 keV for milling applications. This
energy is large enough for a single ion to displace several atoms within a sample.
In fact what occurs is that the gallium ion transfers a significant amount of energy
to atoms in the sample. These atoms then recoil and travel onwards in the sample
causing a cascade of damage. This process was modelled in figure 3.4. In this
figure the path of gallium ions was plotted as a black line. The recoiling carbon
atoms were plotted with an orange path. Green points show where the recoiling
carbon atoms came to rest. The average number of displacements which result,
directly or indirectly, from a 30 keV gallium ion incident on the surface of this

sample was 333 displacements per ion.

3.2.2 Control of the Gallium Ion Beam Milling

A focused beam of gallium ions is generated within a Focused Ion Beam (FIB)

microscope. The components of the FIB column are much the same as those of any
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FIGURE 3.4: A simulation of the interaction of 30 keV gallium ions within
carbon, silver and gold samples. Most of the damage is caused by recoiling
sample atoms (orange) rather than the primary gallium ions (black).

other scanning beam microscope. Lenses are used to focus the beam, an aperture

is used to select the beam current and octopoles shape and scan the beam.

Where the FIB differs from other microscopes is its source. The FIB uses a
Liquid Metal Ion Source (LMIS) to produce a beam of gallium ions. This source
can produce a range of beam currents from 1 pA up to tens of nanoamps while
remaining focused. Resolution is traded for a large beam current; the highest

resolution is achieved at lower beam currents.

The limitation of this ion source is the energy spread of ~5 eV[119]. This energy
spread leads to chromatic aberration of the beam within the lenses. lons with

different kinetic energies get focused to different points on the sample.

The FIB is ideally suited to removing micro and even nanoscale regions of material
from a sample. However the momentum of the gallium ions, coupled with the
limited resolution of the tool (~5 nm[120]) make it impossible to fabricate features
with dimensions of just a few nanometres. Feature sizes are limited to >10 nm at

best[121].
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3.3 Focused Helium Ion Beam

Focused helium ion beam milling directly uses the beam-sample interaction to
remove material from the sample. No etching gas is required. It can also provide
sub-nanometre lateral patterning acuity. Feature sizes an order of magnitude
smaller than those created by FIB can be patterned. This approach can therefore

provide a greater level of modification control than low energy e-beam etching.

3.3.1 Beam-Sample Interaction

The trajectory of helium ions in a sample depends on the beam energy and the
sample composition. The helium ions will penetrate further into the sample as
the beam energy is increased. This is shown in the ion simulation in figure 3.5. In
this figure the ‘Stopping and Range of Tons in Matter’ (SRIM) software package
was used to simulate the trajectories of 200 helium ions in a 3D carbon sample.
The effect of the target composition was also simulated in figure 3.6 using carbon,
silver and gold targets. The ion beam was observed to scatter more strongly and

penetrate less deeply into materials with a higher Z number.

10 keV 30 keV

100 nm
s Carbon target

FIGURE 3.5: A simulation of the trajectories of 10, 20 and 30 keV helium ions
in a carbon sample.

The trajectory of the helium ions in a sample is different to that of electrons. In

figure 3.7(a) we can see the distribution of 30 keV electrons after interaction within
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FIGURE 3.6: A simulation of the trajectories of 30 keV helium ions in samples
with different atomic numbers. Carbon, silver and gold samples were used.

FIGURE 3.7: (a) 30 keV electron beam interaction volume compared with 30

keV helium ion beam interaction volume in silicon. (b) 1 keV electron beam in-

teraction volume compared with part of the 30 keV helium ion beam interaction
volume in silicon.

a silicon sample. This was simulated using the CASINO software package[115].
As well as penetrating deep into the sample, the beam electrons experience large
angle deflections and backscattering in the sample. In comparison, the interaction
of a 30 keV helium ion beam in a silicon sample is shown on the right hand side in
figure 3.7(a). The helium ion interaction volume is far more localised within the

sample. The ion interactions were modelled using the SRIM softwar