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Sum m ary

In this work a range of highly focused charged particle beams were used to modify 

the structTU'e and geometry of materials. Recently discovered two-dimensional 

(2D) materials w êre the focus of the work. Fundamental studies on the beam - 

sam{)le 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 Hrst 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 envirormient. 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 w'ith nanometre precision. 

Nanostructures such as ribbons were produced. The isolation of graphene into 

nanoribbons is a know'n means to tailor its electronic band structure[7].

V



Summary vi

The technique of nanostructuring by a hehum ion beam was extended to another 

2D material, molybdenum disulfide (MoS2)- 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 M0S2. 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.

Hehum ion beam fabricated holes in M0S2 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 dem onstrate 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

M odification and A nalysis of Layered M aterials w ith  
Charged Particle B eam s

Daniel Fox

In this work the controhed modification of 2D nanoniaterials 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 su])port the model. Structural modification of grai)hene was then demon
strated  using a focused beam of helium ions (He+). Raman spectroscopy was Tised 
to correlate the ion irradiation parameters with the sample damage. It was found 
th a t 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 (M0S2). The irradiation of M0S2 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 th a t the extent of the damage can be controlled such th a t no observ
able edge damage was created. The nanostructures milled within the M0S2 flakes 
were then filled with carbon and annealed with an electron beam. This shows tha t 
it is possible to use this technique to create unique new heterostructures.
Finally, the ion beam-induced modification techniciue 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 tha t 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 M otivation

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 tha t is required remains to be investigated. 

The modification of layered m aterial systems with various types of charged par

ticle beams has yet to be explored and optimised. The current understanding of 

the beam -sam ple interaction will be developed through modelling, simulation and 

experimentation. This knowledge will then be used to dem onstrate state of the 

art modification of recently isolated layered materials.

1.2 O utline o f  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 attem pted 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 techniciues 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.



Chapter 1. Introduction 3

The tailoring of graphene’s properties and structure are next dem onstrated using 

a focused beam of heliiun 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 molybdeimm 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 nulled 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 attem pt to overcome.



’ ■ ■■ -



Chapter 2

Layered Two-Dim ensional 

M aterials

In this chapter we will introduce graphene and m olybdenum  disulfide. B oth  of 

these are layered m aterials which can be isolated as single layers. An overview 

of relevant research based on the  m aterials will be presented including their pro

duction, properties and applications. O ur discussion will be focused on the m ost 

widely researched and the best im derstood of the  tw o-dim ensional (2D) m aterials, 

graphene, w ith a brief in troduction  to  MoS2 -

2.1 Overview of Layered 2D M aterials

2.1.1 G raphene

G raphene, the tw o-dim ensional carbon allotrope, can be thought of as the basis 

of the  other sp^ carbon m aterials as shown in figure 2.1. In th is allotrope three 

o  bonds per atom  are formed resulting in a p lanar hexagonal structure . The 

rem aining p o rb ita l electron overlaps w ith adjacent p  orbitals to  form an out of 

plane tt bond. T he prim itive lattice vectors, ai and a 2 are shown in figure 2.1(a).

5
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(b)

( c ) ^ ^ w
F igure 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 uanotube 

and (d) is a bnckyball. Figure adapted from[12].

The hexagonal la ttice constant, a, where a =  |a i | =  I0 2 I, is equal to  0.246 nm. 

The C~C bond length is 0.142 nm.

These two dim ensional hexagonal sheets of carbon are AB stacked and held to 

gether by weak van der W aals forces to  form graphite, figure 2.1(b). Furtherm ore, 

fullerenes can be produced by rolling graphene up to  form one dim ensional nan- 

otubes, figure 2.1(c). By introducing non-hexagonal m em ber rings it can also be 

w rapped up into a sphere to  produce zero dim ensional buckyballs, figure 2.1(d) 

[ 1 1 1 -

Zero and one-dim ensional carbon allotropes were discovered in 1985[13] and 1991[14], 

respectively. At th is tim e graphene was thought not to  be a stable structu re . It 

was not until 2004 when Novoselov, Geim et a/.[l] conclusively dem onstrated  not 

only th a t isolating single layers of graphite was possible, bu t also th a t th is novel 

2D m aterial had some rem arkable properties which deviate from those of its bulk 

counterpart graphite. T hroughout the  years after their discovery the fullerenes 

were the  subject of w idespread research, w ith  carbon nanotubes being heralded
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as a po tential com ponent in a range of next generation devices[15]. W ith  the  dis

covery of graphene a new wonder m aterial was born and an explosion in graphene 

research followed. In less th a n  ten  years there have been over 25,000 publications 

on the  topic of graphene. G raphene is the second m aterial in its family to  earn its 

discoverer a Nobel prize.

2,1.2 M olybdenum  Disulfide & Other 2D Materials

Transition  m etal dichalcogenides (TM Ds) are a family of m aterials which consist 

of a transition  m etal atom  sandwiched between two chalcogen atom s. These layers 

are then  stacked and bound by van der W aals forces. T he i>roperties of the layered 

m aterials vary widely, they can be sem iconducting, sem im etallic or metallic.

M olybdenum  disulfide (M 0 S2 ) is one of the  most interesting of these m aterials. 

M 0 S2 has a trigonal prism atic structu re  w ith 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 la ttice param eter, c, is equal to  1.258 nm. T he unit cell is constructed  

from two layers due to  the  out of i)lane stacking order. O ut of plane, M 0 S2  stacks 

AbA, BaB where A and B are sulfur atom s and a and b are M olybdenum  atom s.

A 
b 
A

B 
a 
B

F ig u r e  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 ]\IoS2 layers showing the stacking order. The yellow atoms 

are sulfur and the purple atom s are molybdenum[16].

M o S ,  - S ide View
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Bulk M0 S2 is an indirect band gap semiconductor with a band gap of 1.2 eV. How

ever, when isolated as a single layer M0 S2 becomes a direct gap semiconductor with 

a band gap of 1.8 eV[17]. Few layer M0 S2 can be probed by Raman spectroscopy, 

with the spectrum showing a strong dependence on the layer thickness[18]. 2D 

M0 S2 can be produced by the same methods as graphene such as mechanical 

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

Monolayer M0 S2 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 denionstrated[17]. Single layer M0 S2 transistors can 

produce devices with ultra-low power use in the off state. Monolayer M0 S2 is also 

promising for optoelectronic devices due to its direct band gap[l9].

The other semiconducting TMDs which can be exfoliated to  single layers in

clude molybdemnn diselenide (MoSe2 ), molybdenum ditelluride (MoTe2 ), tung

sten disulfide (WS2 ) and tungsten diselenide (WSe2 )[20-22]. An insulating 2D 

material exists in the form of BN and NbSea 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 M echanical E xfoliation

When graphene was initially discovered by Novoselov et al\\] in 2004 it was pro

duced by the mechanical exfoliation of graphite onto silicon substrates with a 300 

nm Si02 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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(a)

100 |jm

100 }im

F i g u r e  2.3: (a) An optical m icrograph of mechanically exfoliated graphene 
flake[24]. (b) E lectrostatic 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 w ith 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). T he 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  w ith  scotch tape  until single layers rem ain. This graphene prepara

tion process is simple and affordable and it can be used to  produce large (typically 

tens of nm )  high cpiality flakes. The com bination of these factors facilitated the

0  500 nm



Chapter 2. Layered 2D Materials 10

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  Epitcixy and C hem ical V apour D ep o sitio n

Heating of silicon carbide at over 1,100 °C in low pressure (~  100 //Pa) 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 adojjtion 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 contam ination onto the graphene. M ost of the contam ination 

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

2.2,3 Liquid P hase Exfoliation

The final graphene preparation  m ethod th a t will be discussed here is liquid phase 

exfoliation of bulk graphite. In this m ethod graphite is u ltrasonicated  in sol

vents w ith solubility param eters w ithin a defined range[32]. T he solvent has a 

sm face tension th a t favours an increase in the to ta l area of graphite crystallites. 

This results in the graphite being exfoliated down to  few-layer and single-layer 

grai)hene[27, 33]. Larger graphite pieces rem ain in the  solution, bu t these can be 

separated  out by centrifugation. The surface energy m atching between the  solvent 

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

Liquid i)hase exfoliation of graphite has been extended to  high concentration dis- 

])ersions and to  high volume dis])ersions on an industrial scale of hundreds of 

litres[35]. The liquid j)hase exfoliation of graphene was also extended to  a range of 

layered m aterials in 2011 by Coleman et a/. [23]. This opened the field of graphene 

research up to  m any new 2D m aterials.

This m ethod of graphene preparation  certainly has num erous advantages over the 

other m ethods discussed, such as cost and scalability, however it is not w ithout its 

drawbacks. The size of the flakes produced is small, no more th a n  a few /im, w ith 

most of the  single layer flakes being smaller th a n  this. A typical flake is shown in 

flgure 2.3(d). There is no way of isolating only single-layer dispersions, few-layer 

flakes will always be present and will ou tnum ber 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 

tem pera tu re  (80 °C) baking sufficient to  clean the flakes. W ithout a baking step a
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carbon contamination layer will build up on the flakes during imaging. The pres

ence of contam ination is also im portant 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.

G raphene
preparation
technique

A dvantages D isadvantages

Mechanical
exfohation[l]

Best quality Time consuming

Epitaxial growth on 
SiC[37]

High quality High tem perature pro
cess, difhcult to control 
domain size and thick
ness

CVD[38] High quality, large sin
gle layer growth

High tem perature 
process, contamination 
during transfer

Liquid phase 
exfoliation[27]

Cost effective, scalable Small flake size, typi
cally few layers, solvent 
removal

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

2.3 P roperties o f G raphene

Graphene exhibits many fascinating properties due to its 2D structure. The 

a bonds which covalently connect neighbouring carbon atoms in graphene are 

stronger than those found in diamond[39]. In 2008 Lee et a/. [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 Si02 substrate. They also found tha t graphene is highly flexible. 

Graphene’s therm al conductivity was investigated in 2008 by Ghosh et a /[41],
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energy (E)

energy band gap

Dirac point
momentum momentum (k)

F ig u r e  2.4: The dispersion relation of an insnlator or semiconductor is shown 
on the left. The conical dispersion of graphene near the Dirac point is shown

on the righ t.[44]

They used a non-contact oj)tical technicjue and found it to  be the  highest recorded 

yet a t nearly 5,00() W  ni~*K“ ‘, over an order of m agnitude greater th an  th a t of 

bulk silver (~410 W  or copj)er (~390 W  m “ ^K“ ^), the m ost connnon

therm al conductors.

G raphene also exhibits rem arkable electrical properties due to  the 7r-orbital per

pendicular to  the  plane of the  a  bonded hexagonal lattice. As these 7r-orbital 

electrons in teract w ith the  periodic poten tial of the  hexagonal la ttice, 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 m otion of charge carriers in graphene near the 

Fermi energy is well described by the massless D irac equation. It is due to  th is un

usual linear energy spectrum  th a t graphene exhibits interesting two-dim ensional 

electronic properties such as Klein tunnelling, the  half-integer quan tum  Hall ef

fect and  o ther quan tum  electrodynam ic phenom ena which can be studied using a 

desktop experim ent [43].

G raphene has been found to  have carrier concentrations of up to  10^^ cm “  ̂ with 

m obilities exceeding 10,000 cm^V“ ^s“ ^[l] on a substrate . An atom ically sm ooth 

substra te  can be used to  enhance the carrier m obility of graphene by reducing
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substrate  induced scattering. Mayorov et a/. [45] used atom ically sm ooth boron 

nitride layers to  encapsulate a layer of graphene. T hey m easured a m obility of 

>  100,000 cm^V“ ^s“ ^ Bolotin et a/.[46] went on to  dem onstrate an increased 

m obility of 200,000 cm^V“ ^s“  ̂ by suspending a graphene flake between electrical 

contacts, thus elim inating substra te  induced scattering. This value is the  same as 

the m axim um  theoretical value predicted by Morozov et al.[47]

2.4 A pplications of Graphene

The com bination of graphene’s m echanical strength , therm al dissipation poten tial 

and ou tstand ing  electrical properties m ean it is ideally suited  for applications in a 

range of next generation devices. G raphene can be used in epoxy nanoconiposites 

to  produce stronger and stiff'er m aterials th a n  other nanoconiposites[48]. G raphene 

can be used to  replace the expensive indium  tin  oxide (ITO ) anode currently  used 

in organic Light E m itting  Diodes (LED). This could lead to  cost-effective flexible 

displays[49]. G raphene is very efficient a t absorbing light, it could therefore be 

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

Many o ther applications such as hydrogen storage[51], single molecule detection[52] 

and supercapacitors[53] all show a lot of prom ise and are currently  being op ti

mised. G raphene has been used to  dem onstrate  a 300 GHz Field-Effect T ranistor 

(FET)[54], and is theoretically  capable of producing devices w ith frequencies up 

to  tens of THz[55].

While graphene has highly mobile charge carriers, resulting in high switching 

speeds, it is a zero gap sem iconductor. Sem iconductor logic devices require a band 

gap in order to  achieve an off sta te . 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 

th an  10. The In terna tional Technology R oadm ap for Sem iconductors (ITRS)[10]
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states th a t the on/off ra tio  for a sihcon transisto r successor should be in the  range 

of 1x10^ to  1x10^

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

This highlights the  necessity for m odification of graphene’s properties.

2.5 M odification  o f G raphene

The broad range of applications to which graphene coTild be applied is clear. 

However, a precise and reliable m ethod for tailoring the  properties of graphene is 

required before many envisioned applications can be realised practically.

One property  which m ust be tailored is graphene’s band gap. An electronic band 

gaj) is required for switching operations. Graj)hene also recjuires a tunable carrier 

concentration, as well as control of the  type of charge carriers. C urrent genera

tion silicon technology uses ion im j)lantation to  modify these properties bu t new 

techniciues need to  be developed for 2D m aterials. A fu rther level of control which 

must be achieved is th a t of the la teral dim ensions of graphene. Nanoscale fabri

cation of structTires such as nanopores and nanoribbons opens up a large range of 

graphene applications.

M any m ethods of modifying graphene have been a ttem p ted  w ith varying degrees 

of success to  date. Controlled defect in troduction  in graphene can be used to  alter 

its electronic structure[56] as well as its m echanical[57], thermal[58], optical[59] 

and m agnetic properties[60]. G raphene N anoRibbons (GNR) are desirable for 

electronic[61, 62] as well as po ten tial 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 th e Transport Properties

In order to  tune the tran sp o rt properties of graphene m any techniques have been 

employed. G raphene 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 a/. [67] found from a  first principles study th a t molecules adsorbed on 

graphene, such as NO 2 and NH3,  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 substra te , for exam ple, tetrafiuoro-tetracyanocjuinodim etliane 

(F4-TCN Q ) for p-type[68] and Si02 for n-type[G9].

T he in troduction of defects into the s truc tu re  of graphene has been found to  pro

vide a m eans to  engineer its conductiv ity [56]. It was found th a t there was m etallic 

behaviour w ithin the region of a vacancy defect, allowing enhancem ent of the  con

ductiv ity  by an order of m agnitude. Defects in acid-treated  graphene have also 

been found to  affect its electronic s truc tu re  by bond cleavage[70]. This process in

volves breaking the  C-C bonds by electrophilic a ttack  and dam ages the s truc tu re  

of graphene. In each of these m odification techniques electronic scattering  was 

introduced into th e  graphene and the charge carrier m obility was subsequently 

reduced. A trade-off between conductivity  enhancem ent and carrier m obility re

duction could be observed.

Energetic beam s of charged particles have also been used to  modify the s truc tu re  

and  properties of the  surface of m aterials. T he effect of low energy electron beam  

irrad iation  on graphene was investigated by Teweldebrhan and Balandin[71]. They 

used a Scanning E lectron Microscope (SEM) to  expose a graphene sample to  elec

trons and m easured the  resulting effect w ith R am an spectroscopy. They found
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th a t even relatively low energy irradiation of grajjhene (<20 keV) caused a signifi

cant shift in the m ateria l’s optical response. This was a ttr ib u ted  to  bond breaking 

and sample heating which, over a period of several hours, resulted in disordering 

and partia l am orphization of the  graphene lattice. These findings indicate th a t 

such a beam  can be used to  introduce defects and affect a change in graphene’s 

properties. However, the  precise mechanism of this m odification is the subject of 

debate[72, 73] as other factors, such as the build up of contam ination, could have 

a significant effect on this tim e scale of several hours.

2.5 .2  Tailoring th e  G eom etry

G eom etry engineering at the  nanoscale can be Tised to  produce uniciue structu res 

and can provide a precise m ethod to  tune a m a teria l’s properties[74]. Several 

etching techniciues have been used to  p a tte rn  th e  geom etry of graphene. Oxidative 

etching of graphene was achieved by Liu et al.[75]; they  heated  the  Si02 svibstrate 

to  600 °C and exposed the  sample to an oxygen rich environm ent. E tch pits were 

observed to  form due to  the  etching process as shown in figure 2.5(a). W hile this 

m ethod can be used to  produce a modified graphene surface it suffers from the 

lim itation  of requiring the  sample to  be in contact w ith a substrate. The substra te  

m ust be therm ally  conductive to  allow the heat to  be supplied to  the sample. It is 

also not selective in the area th a t is etched; the  whole sam ple is subjected to  the 

process.

More precision can be added to  this technique by defining the s ta rting  points for 

the oxidation to  occur. Nemes-Incze et a/. [76] used an Atomic Force Microscope 

(AFM ) to  create an array of holes in graphene supported  on an Si02 substrate. 

They then  used an oxygen-nitrogen atm osphere and a tem peratu re  of 500 °C to  

etch these holes into large etch pits. A fter an annealing step in argon a t 700 °C 

hexagonal etch pits w ith crystallographically o rien tated  edges, as shown in figure 

2.5(b), were produced. This process involves m ultiple high tem peratu re  steps
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one-layer-deep pit

two-layer-deep pit

F ig u r e  2.5: (a) Thermally assisted oxidative etching of graphene[75]. (b) 
Etch pits in graphene, after anneahng crystallographically orientated edges were

produced[76].

which are expensive and time consuming and uhiniately 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 diam eter[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, T o , is the minimum kinetic energy that an atom requires to be 
permanently removed from its lattice position.
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F ig u r e  2.6: (a) A TEM fabricated graphene nanopore[5]. (b) A TEM fabri
cated nanopore after in situ anneahng for 6 niin at 400°C[81]. (c) A nanopore 

which was grown by TEM irradiation of a hehum ion induced defect [82].

fabrication due to  the exj)ense of the tool and the ra te  of the  samj^le pattern ing , 

each pore recjuires a pa ttern ing  tim e of a few' seconds.

The pore fabrication process can be in itia ted  by the  in troduction of defects into 

the m aterial. Russo and Golovchenko[82] used helium ion irrad iation  to  create 

defect sites in graphene. They then  used subsequent TEM  irradiation to  grow 

the defects into pores. This approach highlights the  requirem ent for more efficient 

modification beyond th a t achievable by TEM .

2.5.3 G raphene N anoribbons

G raphene N anoRibbons (GNRs) provide a m eans to  open an electronic bandgap[62] 

GNRs can be produced w ith two different edge orientations, shown in figure 2.7. In 

figure 2.7(a) the  arm chair 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  m ore stable edge configuration as determ ined b o th  theoretically  and 

experim ent ally [83, 84].

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

is GNRs w ith the  arm chair edge orientation which have a tunab le  band  gap. This
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F igure  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 -tem perature FET oj)eration[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  C hem ical P rod u ction  o f G N R s

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 sokitions of GNRs[61, 89]. These chemically derived 

nanoribbons have been produced w ith w idths as narrow  as 2 nm. These ribbons 

have been shown to have on/off ratios of ~  10^ a t room  tem peratu re. This would 

be a suitable value for next generation devices. However, the  production process 

yields a range of ribbon w idths as well as m ultilayer ribbons.

Therm ally activated nickel nanoparticles have been shown to  etch graphene along 

high sym m etry directions in the crystal, i.e. producing zigzag or arm chair edges. 

This m ethod can j)roduce <10 nm  wide ribbons[90, 91]. T here is a lim ited am ount 

of control using th is technique. T he etching occurs along preferred directions and, 

as such, a rb itra ry  geom etries cannot be patterned .

The production of graphene nanoribbons from carbon nanotubes has also been 

achieved. Interestingly it was alm ost a decade before the  isolation of graphene 

th a t structu res similar to  graphene nanoribbons were first investigated. Nasreen 

et a /.[92] rei>orted their work on ‘fla ttened’ carbon nanotubes, discussing the po

ten tia l effect of this structiu 'e on the m ateria l’s properties. It has only been over 

the past couple of years th a t the process of fabricating nanoribbons of graphene 

from carbon nanotubes has received significant atten tion .

One approach to  creating nanoribbons from nanotubes was developed by Jiao et 

a/.[93] They produced ribbons w ith sm ooth edges and w idths between ten  and 

tw enty nanom etres. A polym er layer was spin-coated onto a substra te  which had 

been deposited w ith carbon nanotubes. They found th a t when the  polym er layer 

was removed from the  substra te  the nanotubes were partially  exposed on the un

derneath  of the  film. An argon plasm a was used to  etch the  exposed region. W hen 

removed from the  polym er film the  nanotubes were found to  have been converted 

to  ribbons of graphene. W hile th is process can produce good quality  GNRs which 

rem ain structu ra lly  in tact, it can also cause breaking of the nanoribbons. It is a 

m ultistep  process w ith contam inating polym ers and solvents necessarily coming 

into contact w ith the graphene.
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Tube unzipping

F i g u r e  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 a/. [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 

contam ination introduced by the use of chemicals in this resist-based process, 

HSQ is not easily removed.
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In 2007 Chen et a /.[87] dem onstrated  the  production of GNRs by EBL. The hni- 

ita tions of the process resuhed in the narrow est ribbons being no less th an  20mn 

wide. They also foinid th a t the ribbons had rough edges which introduced scat

tering and increased the device’s resistivity. T he w idth of the ribbon m eant th a t 

no appreciable band gap was opened and it was therefore not suitable for rooni- 

tem peratu re  transisto r operation. More recently EBL GNRs down to  12 nm  wide 

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

EBL has the advantage of being a fast and scalable approach, however, a sufficient 

bandgaj) to  make EBL a viable route for production of GNRs w ith high on/off 

ratios at room tem peratu re  has not been achieved. This is due to  the  fm idam ental 

lim itations of th is technicjue imposed by the proxim ity effect which lim its the 

m ininunn size of features th a t can be produced by EBL. T he i^roximity effect is 

caused by the interaction of the beam  w ith the resist and the  substra te . Unexposed 

areas of the resist receive a non-zero dose if they are in close enough proxim ity to  an 

exposed area. The final features are therefore larger th an  the  defined pa tte rn . The 

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

The proxim ity effect which limits the feature sizes produced by EBL is significantly 

less of an issue in helium ion beam  lithography (H IL)[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 prim ary 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.

•  Helium ions rem ain more spatially confined w ithin the  resist th a n  electrons.

•  T he yield of secondary electrons is higher for a helium ion resulting in more 

efficient resist exposure.

•  T he secondary electrons produced by th e  helium  ion beam  have a lower 

energy, these lower energy electrons are more efficient a t exposing the resist.
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• 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 P h ysical P rod u ction  o f G N R s

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 th a t 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 w ith

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 dem onstrated 

by Robertson et a/.[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 th e  displacem ent energy 

threshold of carbon atom s in graphene. However, a t a sufficient beam  dose defects 

will be produced in the  graphene which lower the carbon displacem ent energy. 

T he TEM  provides in situ  characterisation of the ribbons fabricated. However, as 

m entioned in section 2.5.2 the  TEM  is not a practical tool for fabrication as it has 

very lim ited th roughput.

FiGUEiE 2.9: (a) A GNR prodticed 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]. (c) 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  p a tte rn  graphene into ribbons. 

Early work on the  pa ttern ing  of graphene w ith a focused helium ion beam  in 2009 

produced m ininnnn feature sizes of ~ 10  nm[106“ 108]. The team  further im proved 

on this result in 2010 by fabricating GNRs w ith line w idths as narrow  as 3 nm[109]. 

A high aspect ra tio  ribbon which is ju s t 5 nm  wide is shown in figure 2.9(c). The 

la ttice dam age due to  the milling was found to recover a t a distance of about 1 

nm  from th e  pa tte rn ed  edge.

This direct pa tte rn ing  is not possible w ith low energy (typically up to  30 keV) 

electron beam  irrad iation  in the SEM as no spu ttering  of m aterial occurs[110] 

below ~  86 keV. Helium ion beam  milling is also more efficient th an  high energy 

e-beam  milling employed in the TEM  [ i l l ]  due to  the  higher ra te  of energy transfer 

from the  He"*̂  to  the sample. Zhou et a/. [112] concluded in their review of graphene
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pattern ing  techniques th a t the “N anostructuring of graphene is m ost convincingly 

dem onstrated  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 -sam ple interac

tions occurring will be required. As the  edge struc tu re  is key in determ ining the 

properties of the GNR the ex tent of the edge dam age introduced by the HIM p a t

terning process needs to  be further investigated. The pattern ing  param eters must 

also be optim ised in order to  a tta in  the best modification results achievable.

G raphene has been shown to  have unique properties which are of great interest 

for m any applications. O ther layered m aterials, such as M 0 S2 , are now being 

extensively researched as they too  can display uiiicjue properties when isolated as 

single layers. A greater range of uses for these m aterials can be enabled by control 

of the s truc tu re  and geom etry of the m aterial.

A modification technic^ue which has nanoscale spatial resolution is required. The 

technique nm st provide sufficient control to  tune the  properties or the  geom etry of 

a 2D sample. T he properties m ust be tuned  to  control the electronic response of 

the m aterial so th a t it can be used for device applications. G eom etrical tailoring 

is another rou te  to  altering the electronic band s truc tu re  of the  m aterial. A well 

defined edge struc tu re  w ith m inim al dam age extension is required for best results. 

Tailoring the  s truc tu re  can not only modify the  electronic properties bu t can also 

produce nanopores which are required for a range of applications as discussed in 

section 2.5.

Chem ical etching and physical spu ttering  are am ong the  modification techniques 

m ost widely used. Chem ical processing generally introduces contam inants and 

defects, whereas physical m odification is a more direct and controllable approach. 

Focused beam s of charged particles provide the  highest resolution direct modifi

cation of layered m aterials.
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The question of the abihty  of a <30 keV beam  of electrons to  modify grai)hene, 

and to  w hat extent th is can be exploited, rem ains to  be fully answered. The 

direct s truc tu ra l m odification and m aterial removal by a highly focused beam  of 

helium ions is also a technique which has yet to  be explored and optimised. The 

m echanisms by which this can be achieved will be discussed in the next chapter.





Chapter 3

M odification M ethodologies

In the previous chapter a review of 2D materials was presented. The modification 

requirements for these materials are now understood. The main recjuirements are 

the introduction of a well-defined amount of damage and nanoscale lateral control. 

The most promising techniques w'hich 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.

29
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3.1 Focused Electron Beam

The capabihty  of a beam  of electrons to  modify a m aterial was first assessed. 

The energy coupling betw een the  beam  and th e  sam ple m ust be investigated to  

determ ine if this m ethod is feasible.

3.1.1 B eam -Sam ple Interaction

W hen a beam  of electrons enters a sam ple it will begin to  transfer energy to 

the  sample th rough  various collisions. The m axim um  energy transferred through 

elastic scattering^ depends on the beam  energy and the  mass ra tio  of the two 

particles. T he m axim um  transferable energy, T ^ , from a  pro jectile (beam  particle) 

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

_  AM1M2 ^  .

~  (A/i +  A/2)2  ̂ ^

where M i  and M 2 are the mass of the  projectile and ta rge t atom  respectively. In 

the  case of two particles w ith  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 displacem ent energy. D isplacem ent energies for most m a

terials are typically a few eV. In the case of sp^ bonded carbon in graphene the 

electron beam  energy m ust be > ~ 8 6  keV for knock-on dam age to  occur.

E lastic scattering can also cause the  beam  electron to  deviate from its original 

tra jecto ry  in the  sample. T he exact scattering  events which a particu lar particle 

will undergo after entering a sam ple cannot be precisely predicted as th is is a

^Elastic scattering refers to the interaction between the beam and a sample nucleus.
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stochastic process. Instead we m ust describe the probabihty, P (E ), of an event 

occurring. The probabihty, or cross section {(Te)i for elastic scattering  above a 

m inim um  angle 0o is described by the equation[114]:

where Z is the atom ic nm nber of the sample and E is the energy of the  projectile. 

From th is equation we can see th a t CTg is approxim ately oc l /E '^. The scattering 

angle is also strongly forward scattering.

The trajectories of 200 electrons in a bulk carbon ta rge t were sim ulated using 

the  ‘m onte CArlo S im ulation of electroN tra jec to ry  in sO lids’ (CASINO) software 

I)ackage[115]. T he result is shown in figure 3.1. M ultiple beam  energies were used. 

The 5 keV beam  on the left experiences strong deflection and deposits its energy 

in the sample w ithin a short distance. T he 20 keV beam  on the right remains 

fairly well collim ated w ithin the  sample for the first few hundred nanom etres. It 

then  begins to  lose energy and become more severely deflected, eventually coming 

to  rest. In these sim ulations the electron p a th  is no longer p lo tted  when its energy 

becomes less th an  50 eV. The red paths are created by electrons which have 

backscattered w ithin the  sam ple and are moving tow ards the  surface.

The sim ulation 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  approxim ately follows the same relationship  as the  penetration  

depth  vs. beam  energy, i.e. the  surface radius of BE is approxim ately a  £ ’̂ .

The cross section for elastic scattering is also approxim ately oc Z'^, where Z is the 

atom ic num ber of the  atom s from which the  sample is composed. This relationship

(3.2)
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5 keV 10 keV 15 keV 20 keV

Carbon target

F ig u r e  3.1: Simulated trajectories of 200 electrons in a carbon target. The 
interaction volumes of four beams with different energies are shown.
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F i g u r e  3.2: Simulated trajectories of 200 electrons in carbon, silver and gold
targets.

was m odelled in the  sim ulation in figure 3.2. T he sim ulation uses an electron beam  

energy of 10 keV and samples of carbon, silver and gold w ith atom ic num bers of 

6, 47 and 79 respectively. The stronger in teraction in the  gold causes the beam  to  

deposit its energy near the surface of the  sam ple and not penetra te  as deep as in 

the  carbon sample on the left.

A sum m ary of the  m ain points of the  elastic scattering  process is given below:

•  For knock-on dam age to  occur the  displacem ent energy of an atom  in the 

sample m ust be overcome. A beam  w ith sufficient energy can remove sam ple 

m aterial by th is mechanism.
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• The m ost probable elastic collision will result in a minor deviation of a beam  

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

•  Lower energy beam s undergo m any collisions w ithin a short distance in the 

sample. T hey do not penetra te  as deep and they  produce secondary signals 

from a more localised region of the  sample.

• Samples w ith higher mass elements cause a beam  to  scatter more strongly. 

The beam  penetration  is shallow.

The beam  electrons can also scatter inelastically w'hereby energy is transferred  to 

the sample electrons. Inelastic scattering can break the chemical bonds in a sample 

by a ])rocess known as radiolsysis. This bond breaking can alter the s truc tu re  and 

properties of m aterials. If sufficient radiolysis occurs a crystal s truc tu re  can be 

degraded to a more am orphous form.

A nother significant process which occurs during the  irrad iation  of a sam ple w ith an 

electron beam  is contam ination. H ydrocarbon molecules are i)resent on the sam ple 

surface and in the  im perfect vacm un (100 //Pa) of the  cham ber. H ydrocarbons are 

highly mobile on m ost surfaces. Inelastic scattering  produces secondary electrons 

which dissociate the  hydrocarbons resulting in the  dej)osition of a j)olymerised 

carbon layer on the surface of the  sample. An exam ple of carbon contam ination 

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

3.1.2 Low Energy E-beam  A ctivated  Gas Etching

It was shown in section 2.5 th a t nanopores can be created  in graphene by heating 

it in a gaseous environm ent. By this process a reaction between the oxygen gas 

and the  carbon atom s was activated and pores were created  in the graphene. How

ever th is process is not localised. On the o ther hand, modification of graphene’s 

geom etry cannot be achieved by an electron beam  w ith an energy <  ~ 86  keV.
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W hat we wish to consider is the possibihty 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, Oi{E), was calculated by using the Binary-Encounter- 

Bethe (BEB) equation[116].

[E) =
t-\- { u ^  I) / n 2 V V t t ^ l

(3.3)

where t = E / B ,  u = U/B,  S  = Anao^N { R h / B ) ^ , oq =  0.52918 A ,  R h  =  
13.6057 eV and Q 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 Q are constants for each orbital within a given atom  or 

molecule. The to tal ionisation cross section for a given atom or molecule is found



C hapter 3. ModificMion Methodologies 35

3

(N

co 2

i/>
i/>o
k_

’co

0
0 51 2 3

Electron energy (keV)
4

F ig ure  3.3: Ionisation cross section of the nitrogen molecule as a finiction of 
the energy of an incident electron.

by siunniing the contributions from each ori)ital. T he calculation nnist then  be 

repeated  if the ionisation cross sections for m ultiple electron beam  energies are 

required.

From figure 3.3 we can see th a t the ionisation cross section increases as the electron 

energy decreases until a m axim um  is reached a t approxim ately 100 eV, a t which 

point the cross section decays again. This was p lo tted  using equation 3.3 w ith 

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 ra te  of energy loss, dE, 

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

o _  4 Ar 1.  ̂ f 1 1 6 6 E i

where e is the  electron charge, Âo is A vogadro’s rmmber, Z  is the atom ic num ber, 

p is the density of the sample, A  is the atom ic mass, Ei is the  electron energy at 

any point in the sample and ,7 is the  average energy loss per event. If we consider 

only the  energy loss through phonon excitation then  we can estim ate the  therm al
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energy deposited in the sample using equation 3.4. Equation 3.4 states th a t 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.

where R  is the etching rate and A; is a scaling param eter 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.

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

(3.5)

A {E, t) =  Rt (3.6)
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p a tte rn  of a required geom etry can then  be produced by moving the electron beam  

across the sample surface.

3.1 .2 .1  C ontrol o f th e  E -beam  M odification

T here are a range of param eters which may be ad justed  to  control the  m odification 

of tw o-dim ensional m aterials in the  gas assisted e-beam  etching process. These 

param eters include, the probe size, the beam  dwell tim e, the  beam  current, the 

beam  energy and the gas pressm e. Control of these i)aram eters can be achieved 

in a scanning electron microscope (SEM).

T he electron beam  m ust be confined to  a small region on th e  sam ple surface. This 

is recjuired to  localise the etching process to  a well-defined area. The electron 

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

A m easurem ent of the size of the electron probe can be m ade during experim ents. 

W hen a high m agnification image of a sam ple w ith  a sufficiently sharp edge is 

ac([uired, the intensity profile across th a t edge is a ttr ib u ted  to  the size of the 

im aging probe. A flake of graphene suspended on a holey carbon support film was 

im aged before our experim ents in order to  m easure the probe size. T he intensity 

profile across the flake edge was p lo tted  using th e  Im ageJ software package[118]. 

The intensity of the flake was taken as 100% w'hile the surrounding area was 0% 

intensity. The distance over which the intensity  drops from 75% to  25% was taken 

as th e  probe size. The electron probe size achieved in an SEM is typically less 

th a n  10 nm and is ~1  nm  in m odern instrum ents.

T he position of the  electron beam  on the sample can be ad justed  using electrom ag

netic scanning coils. The coils are located w ithin th e  electron colum n and deflect 

the beam  laterally in a m atrix  p a tte rn  during imaging. They can also be used to 

drive the  beam  arbitrarily, although the  use of an ex ternal scanning control system  

is often required to  achieve complex patterns.
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The beam  current can be ad justed  by changing the  streng th  of the  condenser lens. 

A stronger condenser setting  will bring the  crossover plane w ithin the column 

further above the  apertu re, allowing less current to  reach the  sample. The current 

can also be ad justed  by changing the size of the beam  lim iting aperture. Inserting 

a smaller apertu re  will reduce the current which reaches the sample. Using these 

m ethods the  current can be adjusted from 9 pA to 5 nA in the  instrum ent used.

The dwell tim e, or tim e to  which the sample is exposed to  the electron beam , can 

be controlled by deflecting th e  beam  off the  sample by a beam  blanker. An electron 

beam  blanker typically allows a m inim um  exposure tim e of between 100 ns and 10 

/xs. The tim e of exposure, com bined w ith the beam  current, will determ ine how 

many electrons are available in the  experim ent.

A nother param eter which m ust be considered is the  energy of the  electron beam . 

A poten tial difference w ithin the electron cohunn is used to vary th is param eter. 

In an SEM the beam  energy is typically controllable w ithin  the  range of a few 

hundred eV to  30 keV.

As well as controlling the  num ber of electrons available in the experim ent, th e  

num ber of gas molecules can also be controlled. By adjusting  the flux of gas 

into the SEM cham ber we can ensure th a t the  desired luunber of gas particles 

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

The process of low energy e-beam  etching is more controllable and practical th an  

the o ther techniques reviewed in the previous chapter. This m ethod is tru ly  con

fined to  the  nanoscale, w ith  a fabrication resolution of ju s t tens of nanom etres. 

The resolution is prim arily  lim ited 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 pattern ing  technique can be achieved through the  use of a focused beam  

of galhum  ions. G alhum  ions directly displace atom s from the  sample w ithout the 

need for an etching gas due to  their large mom entiun.

3.2.1 Beam -Sam ple Interaction

G allium  ions in teract strongly w ith m aterial. They have a mass of over 127,000 

tim es th a t of an electron. W hen supplied w ith sufficient kinetic energy the ions 

can cause significant dam age and m aterial removal from the  surface of a sample. 

The energy transfer from a gallium ion to  a carbon atom  is so efficient th a t a 

galliiun ion w ith a kinetic energy of only a few tens of eV can displace a carbon 

atom  from a graphene lattice.

G allium  ions are tyi)ically accelerated to  30 keV for milling applications. This 

energy is large enough for a single ion to  displace several atom s w ithin a sample. 

In fact w hat occurs is th a t the gallium ion transfers a  significant am ount of energy 

to  atom s in the sami)le. These atom s then  recoil and travel onwards in the  sam ple 

causing a cascade of dam age. This process was modelled in figure 3.4. In this 

figure the p a th  of gallium ions was p lo tted  as a black line. The recoiling carbon 

atom s were p lo tted  w ith an orange path . Green points show where the recoiling 

carbon atom s came to  rest. The average num ber of displacem ents which result, 

d irectly or indirectly, from a 30 keV gallium ion incident on the  surface of this 

sam ple was 333 displacem ents per ion.

3.2.2 Control o f the G allium  Ion B eam  M illing

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

microscope. The com ponents of the FIB cohunn are much the same as those of any
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F igure 3.4: A simulation of the interaction of 30 keV galHum 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.

W here the  FIB differs from other microscopes is its source. The FIB uses a 

Liquid M etal 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 nanoam ps while 

rem aining focused. Resolution is traded  for a large beam  current; the highest 

resolution is achieved at lower beam  currents.

The lim itation of th is ion source is the  energy spread of ~ 5  eV[119]. This energy 

spread leads to  chrom atic aberra tion  of the beam  w ithin the lenses. Ions with 

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

T he FIB is ideally suited to  removing micro and even nanoscale regions of m aterial 

from a sample. However the  m om entum  of the gallium ions, coupled w ith the 

lim ited resolution of the  tool (~ 5  nm[120]) make it impossible to  fabricate features 

w ith  dim ensions of ju s t a few nanom etres. Feature sizes are lim ited to  >10 nm  at 

best[121].
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3.3 Focused H elium  Ion B eam

Focused hehum  ion beam  milhng directly uses the beam -sam ple interaction to 

remove m aterial from the  sample. No etching gas is required. It can also provide 

sub-nanom etre la teral pa ttern ing  acuity. Feature sizes an order of m agnitude 

smaller than  those created  by FIB can be patterned . This approach can therefore 

provide a greater level of m odification control th a n  low energy e-beam  etching.

3.3.1 B eam -Sam ple Interaction

T he tra jec to ry  of helium ions in a sam ple depends on the beam  energy and the 

sample comjjosition. T he helium ions will pen e tra te  fu rther into the  sample as 

the beam  energy is increased. This is shown in the  ion sim ulation in figure 3.5. In 

this figure the ‘Stoj)ping and Range of Ions in M a tte r’ (SRIM) software package 

was used to  sinnilate the trajectories of 200 helium  ions in a 3D carbon sample. 

T he effect of the  ta rge t com position was also sim ulated in figure 3.6 using carbon, 

silver and gold targets. The ion beam  was observed to  sca tte r more strongly and 

penetra te  less deeply into m aterials w ith a higher Z num ber.

10 keV 20 keV 30 keV

Carbon target

F i g u r e  3.5: A simulation of the trajectories of 10, 20 and 30 keV helium ions
in a carbon sample.

T he tra jec to ry  of the helium ions in a sam ple is different to  th a t of electrons. In 

figure 3.7(a) we can see the  d istribu tion  of 30 keV electrons after interaction w ithin
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F i g u r e  3.6: A sim ulation of the trajectories of 30 keV helium ions in samples 
w ith different atomic numbers. Carbon, silver and gold samples were used.

F i g u r e  3.7: (a) 30 keV electron beam  interaction vohune compared with 30 
keV helium ion beam  interaction vohnne in silicon, (b) 1 keV electron beam in
teraction volume compared with part of the 30 keV helium ion beam  interaction

vohnne in silicon.

a silicon sample. This was sim ulated using the  CASINO software package[115]. 

As well as penetra ting  deep into the sample, the  beam  electrons experience large 

angle deflections and backscattering in the  sample. In com parison, the  in teraction 

of a 30 keV helium ion beam  in a silicon sam ple is shown on the right hand side in 

figure 3.7(a). The helium ion interaction volume is far more localised w ithin the 

sample. The ion interactions were modelled using the  SRIM software package[122].

T he in teraction volume in the SEM can be reduced by decreasing the  beam  energy. 

In figure 3.7(b) we see the  sim ulated d istribu tion  of 1 keV electrons in silicon. The 

electrons are confined to  a much smaller volume at th is reduced energy and do not 

p enetra te  as deep as the 30 keV helium ion beam . However, th e  electron beam  

undergoes large deflections while the  helium beam  (shown on the  left of figure 

3.7(b)) rem ains well collim ated in the near surface region (~100 nm).

The in teraction volume describes the propagation of the ions or electrons w ithin a
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F igI'R E  3.8: The stopping power as a function of the beam  energy for electrons 
(a) and helium ions (b) in a chromium sample[123].

sample and the  j)ositi()n at which they come to  rest. However, along their journey 

through the sam ple the beam  ions/electrons lose energy and the probability  of a 

collision occurring changes. In figure 3.8 the stopping power as a function of the  

beam  energy is shown. T he stopj)ing power sim ply refers to  the ra te  of transfer of 

energy from the beam  to the samj^le. In figure 3.8(a) the stopping i)ower for an 

electron beam  in a chromium sample is shown. W ith in  an electron energy range 

of 10 keV down to  100 eV the stopping power is increasing. T he electron beam  

interacts more and more strongly w ith the  sam ple as it loses energy. The opposite 

is true  for helium ions w ithin the energy range below 500 keV as seen in figure 

3.8(b). Helium ions deposit energy to  the sam ple a t the  greatest ra te  when they 

first enter the  sample. [123]

The reason for these opposing trends is the  velocity of the particles. Helium ions 

have a mass of approxim ately 7,300 tim es th a t of an electron. A helium ion w ith 

the same kinetic energy as an electron will have a velocity which is 86 tim es less 

than  th a t of the  electron. W hen the stopping power graphs are rep lo tted  w ith 

velocity instead of energy on the x-axis then  th e  curves follow the  same trend  (see 

figure 3.9). This indicates th a t it is the  particle velocity which determ ines the 

stopping power trend, and not its energy[123].

The stopping power describes the energy transferred  from the  beam  to  the  sample 

by bo th  elastic and inelastic interactions. T he electronic and nuclear stopping
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F igure  3.9: The stopping power curves of electrons and helium ions as a
finiction of particle velocity[123].

power for helium ions in carbon are p lo tted  separately as a function of helium ion 

energy in figure 3.10[124]. T he electronic stopping power is a result of inelastic col

lisions whereby the  beam  transfers energy to  the  sample electrons. T he electronic 

stopping power is highest as the  beam  enters the sample. As the  beam  continues to 

propagate through the  m aterial the  electronic stopping power decreases while the  

nuclear stopping power increases. Eventually, a t around 4 keV for alum inium [l24], 

the  nuclear stopping power becomes greater th an  the  electronic stopping power. 

At th is point the beam  transfers m ost of its energy to  the  nuclei in the  sample. T he 

dam age due to  displacem ent of the atom s in the sample is greatest a t this point. 

W hile alum inium  is not used in th is thesis the  overall trend  is well represented by 

th is data .

G raphs of the  ion penetra tion  dep th  and the  depth  of dam age events produced 

by a helium ion beam  w ith an initial energy of 30 keV in an alum inium  sample 

are shown in figure 3.11. T he dam age is observed to  occur m ost prom inently near 

the end of range of the  beam  path . This is in agreem ent w ith the stopping power
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F i g u r e  3.10: The electronic and nuclear stop{)ing power for helium ions in 
carbon are plotted separately as a function of helium ion energy[124].

graph which shows an increase in the  elastic collisions near the  end of range of the 

ion trajectory.
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F i g u r e  3.11: SRIM graphs of the ion penetration depth (a) and the depth of 
damage events (b) produced by a 30 keV helium ion beam  in aluminium.

3.3.2 Helium Ion Beam  Milling

A focused beam  of helium ions can cause atom ic displacem ents w ithin a sample. 

T he dose is defined as the num ber of ions per unit area. At high doses these 

displacem ents lead to  am orphisation and removal of surface m aterial by sputtering.
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The extent of the damage caused by the hehum ion beam and to what extent this 

can be exploited needs to be estimated.

In order to modify and pattern  nanomaterials using a focused beam of helium 

ions, the dose of ions required to completely remove a layer of material must be 

calculated. The probability of removing one atom from the sample for an incident 

ion of a given energy was first found.

The dose of ions required to mill a volume of material from the sample is then 

a function of the beam energy, the particle mass, the sample composition, the 

sample density and the displacement energy of the sample atoms. The calculation 

of the dose required to remove every atom from the sample volume is a simplified 

scenario as it does not account for the changes occurring in the sample as damage 

is produced. For example the displacement energy will be reduced as damage 

jjrogresses, leading to an acceleration of the rate of damage. The dose required to 

remove material would therefore be overestimated by our calculation. However, 

for 2D materials this simplification will not lead to an unreasonable error. The 

order of magnitude of the dose required can be found.

In the case of a sufficiently high energy ion beam the collision with the target nuclei 

can be described as a binary collision. For this type of Rutherford scattering the 

Coulomb potential can be used to accurately describe the collision[125].

The maximum transferable energy from a projectile of energy E  to an atom is 

given by equation 3.1. The probability, P{E) ,  of a scattering event occurring 

between the projectile and the sample is[125]:

P{E)  = Nx a { E)  (3.7)

where N x  is the areal density of atoms and sigma{E)  is the interaction cross- 

section. Now we consider the case of displacement collisions, where only a collision 

which transfers sufficient energy to the target nucleus is considered. This type of
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collision is w hat will remove atom s from the  ta rge t. T  will be used to  represent

transferred  energy. The probability  th a t an ion will collide w ith a ta rge t atom  and

result in an energy transfer of between To  and Tm is given by the displacement 

cross section:
da-  = ^  ^  (3.8)

where the  differential cross section is given by:

rfa(i5,r) =  , r ^ Z f Z , V ^  (3.9)

The integral of d a(E , T) from T^j to T„, is:

a^[E, T) = —  -  —  (3.10)
^  ^  M 2 ' " E \ T d  T„J  ̂ ’

The displacem ent cross section is then nuiltiplied by the areal density of atom s, 

Nx .  This gives us the probability, P { E ) ,  of a displacem ent collision occurring. 

The probability  is m ultiplied by the helium ion dose to  find the displacem ent 

density of th e  ta rge t nuclei. If the disj)lacement density is greater th an  the atom ic 

density then  th a t area of the  sample would be entirely milled away by the beam .

The direct removal of atom s from a sample w ith  a sub-nanom etre ion beam  affords 

a high level of sample m odification control. This can be used to  introduce specific 

defect densities, or to  remove areas of m aterial w ith tru ly  nanoscale precision.

3.3 .2 .1  C ontrol o f th e  Ion B eam  M illing

There are m any param eters which can be ad justed  to  control the  m odification 

process. T he HIM uses a cryogenically cooled, atom ically sharp source to  ionise 

helium gas. T he helium ions are then  accelerated down the colum n of the micro

scope (see figure 3.12). A series of lenses, quadrupoles and octupoles, are used to
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F igure  3.12; An illustration of the column of the helium ion microscope.

shape the beam  into a <0.35 nni probe. The probe size can be m easured in the 

same way as described for an SEM in section 3.1.2.1.

As the beam  is scanned during experim ents the  spacing between points can be 

varied. If th e  probe size is m easured to  be 0.35 nm  then  a point to  point spacing 

(or pixel spacing) of th is value will result in each probe being adjacent w ith ju st 

the  beam  tails overlapping. This close proxim ity of points may be desirable where 

a large dose is required, such as for milling. However, if such extensive dam age is 

to  be avoided then  th e  pixel spacing can be increased to  reduce the overall dose 

on the exposed area. An illustration  of a helium  ion beam  incident on a graphene 

la ttice is shown in figure 3.13. T he illustration  is to  scale, showing how localised 

the  helium ion m odification technique can theoretically  be.

T he beam  current can be ad justed  by either changing the  streng th  of the condenser 

lens, or by changing th e  size of th e  beam -lim iting aperture, as in an SEM. Both of 

these approaches will have an eff’ect on the  size of the probe. Typically a trade-off 

occurs whereby a sm aller probe also has less beam  current. A th ird  option exists in
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Beam

Graphene

F i g u r e  3.13: An ilhistration of the hehuiii ion beam irradiation of graphene.
The beam size is in scale relative to the graphene lattice. This shows how 

localised the milling process can be.

the HIM which carries no such penalty. T he beam  current can also be adjusted, by 

a couple of orders of m agnitude, by changing the pressure of the helium gas in the 

region of the source. T he tim e the beam  spends at a po int can also be controlled. 

This dwell tim e, combined w ith the beam  current can be used to  vary the dose 

I)er point. T he beam  energy is controllable w ithin the range of approxim ately 5 

to  35 keV.

A nother factor to  consider is the scanning strategy, or th e  pa th  taken when raster- 

ing the  beam  over the sample. For example, Pickard[106] found th a t when milling 

nanoribbons in graphene, the  two rectangles on either side of the ribbon could not 

be fabricated in series. T he two sides had to  be milled in parallel, w ith  the beam  

milling a small section from one side, then the o ther and repeating. This strategy 

is illustrated  in figure 3.14.

The principles of bo th  electron beam  and ion beam  induced modification of m a

terials have been discussed here. These techniques have been dem onstrated  to  be 

applicable to  the modification of layered m aterials. E-beam  modification can be
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F i g u r e  3.14: Illustration of the scanning strategy used by Pickard and Scipioni.
The areas on either side of the ribbon had to be milled in parallel. [106]

realised w ith a gas assisted etching technique whereby the beam  ionises the gas 

and also supplies energy to  the sample. Ion beam  modification is a more direct 

m odification technique whereby atom s in the  sample are directly ejected from their 

la ttice  position by the m om entum  of the  beam  ion.

Physical models for the  processes which dom inate the modification m ethods have 

been developed and described. The relevant param eters which need to  be in

vestigated in order to  establish control and optim isation of these processes were 

outlined. In subsequent chapters these m odels will be com pared to  experim ental 

d a ta  in order to  confirm the validity of the  theory  presented.

In th e  next chapter the  characterisation techniques which were used to  analyse 

our sam ples will be introduced. These techniques will also be used to  investigate 

the  ex tent of the  sample m odification produced by the  m ethods outlined in this 

chapter.



Chapter 4

Characterisation Techniques

In this chai)ter we will introduce the characterisation technicjues used in this work. 

Our milling and modification techniques outlined in the previous chapter produce 

nanoscale alterations of our materials. We require techniques which can image 

these structural modifications at the nanoscale. We also require spectroscopic 

techniques which can identify the structure and composition of materials. These 

technicjTies provide the information reciuired to understand the i)rocesses occurring 

in the exi)eriments conducted.

Structural information can be provided by TEM analysis and Raman spectroscopy. 

Thickness information can be obtained qualitatively from transmission SEM and 

quantitatively from Raman spectroscopy and TEM techniques such as Scanning 

Transmission Electron Microscopy (STEM) and Electron Energy Loss Spectroscopy 

(EELS). High resolution topographical imaging was achieved using HIM and SEM. 

Finally, chemical analysis was obtained from Energy-Dispersive X-ray Spectroscopy 

(EDX) and EELS.

51
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4.1 Scanning Electron M icroscopy

The initial development of the field of electron microscopy was driven by the reso

lution limit of optical microscopy. The diffraction limit imposed by the wavelength 

of visible light is ~200 nm. By the late 1920’s this resolution limit had already 

been reached, in 1931 Knoll and Ruska built the first electron lenses and used 

them to acquire an image with electrons[126]. W ithin the just a year of the first 

electron microscope image being produced the resolution was improved beyond 

tha t of the optical microscope.

In the scanning electron microscope (SEM) electrons are generated by a soiirce 

and focused by an electromagnetic condenser lens[127]. An aperture is used to 

reject off-axis electrons whic'h would otherwise lead to an increase in the final 

probe size. The electrons are focused on to the surface of a sample by an objective 

lens. The probe is not always round, an effect known as astigmatism. Octopoles 

in the column are used to apply a correcting field to reshaj)e the beam. The 

electron probe is then rastered across the sample surface by scanning coils in the 

electron column. The electrons penetrate into the sample and typically undergo 

several collisions with both sample electrons and nuclei. Signals generated by 

these interactions within the sample can escape from the sample and be collected 

to image and characterise bulk specimens.

Modern SEMs use a field emission source which can produce a small, intense 

probe of electrons. The current per unit area per unit solid angle is called the 

brightness and is used to compare various types of electron and ion sources. The 

SEM electron probe can be as small as 1 nm in diameter with a brightness of 10* 

Am“ ^sr~^[127]. The technique is very versatile as it can be used to image a broad 

range of samples.

The signals most commonly used to image in the SEM are secondary electrons 

(SE). These are produced by inelastic scattering. Secondary electrons can be 

further divided into the categories of SEi, SE2 and SE3 electrons. SEj electrons
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F igure 4.1: The interaction vohnne excited in a sample during SEM irradia
tion. The different types of electrons which can leave the sample are shown.

are generated directly by the primary beam and as such are produced from a 

region near the incidence i>oint of the electron probe. SE2  electrons are produced 

when the primary beam backscatters from within the sample and excites sample 

electrons on its way back to the surface. SE 3  electrons are generated from other 

surfaces within the SEM chamber by electrons which have backscattered from 

within the sample.

The SE] type electrons are generated from close to the beam interaction point 

on the sample. The inlens detector (also known as a through-lens detector, TLD, 

or a through-the-lens detector, TTL) is optimised to collect primarily this type 

of electron. A higher proportion of SE2  electrons are a ttracted  by an electric 

potential towards a chamber mounted SE detector. This detector was named 

after its inventors and is known as an Everhart-Thornley or ET detector.

Secondary electrons generated in the SEM typically have a peak in the energy dis

tribution at about 2 - 5  eV, with a cut-off in the definition of a secondary electron 

at 50 eV. The low kinetic energies of secondary electrons means th a t they can 

only escape from near the surface of the sample[128]. The maximum depth from 

which SEs can escape is called the escape depth. In an SEM this value typically 

ranges from approximately 5 nm in a metal up to 50 nni for insulators[129]. SEj
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electrons are b o th  generated w ithin the region of incidence of the beam  and are 

generated from near the  surface.

SEi type electrons provide the  highest resolution topographical im aging in the 

SEM. C ontrast is generated by the  variation of the secondary electron yield as a 

function of angle of incidence of th e  prim ary electron beam . W hen the electron 

beam  is incident on the  surface a t a higher angle (relative to  the  surface normal) 

the am ount of secondary electrons generated is increased.

SE 2 electrons are generated by BSE and so they carry less localised inform ation. 

BSE are produced by the in teraction  of the  beam  w ith sam ple nucleii. They 

therefore carry qualitative inform ation abou t the com position of the  sample. SE 2 

electrons also inherit th is com positional inform ation.

4.1 .1  T ransm ission  SE M

Transm ission im aging m ode involves the  use of a transm ission detector. This 

detector can be used to  collect beam  electrons which have passed through a th in  

sample. This m ode can only be used for samples which are th in  enough for m ost 

of the beam  electrons to  penetrate . The sample should ideally be no more th an  a 

few 10s of nanom etres thick. E ither electrons which tran sm itted  straight through 

the sam ple in bright field mode, or those which have been scattered  to  a range of 

angles defined by the  detector geom etry in dark  field m ode can be used to  image.

The bright-field transm ission im aging m ode provides contrast due to  changes in 

com position or thickness. T he collection semi-angle of the  transm ission detector 

in bright-field m ode is ~ 15  m rad. Strong thickness contrast, even for flakes w ith 

atom ic thickness differences can be obtained.

T he resolution is also superior to  any other modes of im aging available in our 

system  (see A ppendix A). The spatial resolution is 0.8 nm  for a 30 keV beam  

energy. The m ain lim itation of th is techniciue is the  requirem ent for the samples
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to  be very thin. Transmission SEM is ideally suited to imaging thin flakes and for 

observing any porous structures which they may contain due to its high spatial 

resolution and strong thickness contrast.

4.2 Transm ission E lectron M icroscopy

The TEM oj)erates by accelerating electrons to gain enough energy for the majority 

of electrons to pass through a thin (<100 imi) section of material. The electrons 

travel in a i)arallel beam. The formation of the beam is shown in the left schematic 

in figure 4.2. These electrons are typically accelerated to between 80 and 300 kV 

(for our TEM specifications see Appendix A). Higher voltages were historically 

preferred as the imaging resolution is increased and the sample need not be cjuite 

so thin. However, lower voltages are returning to favour with the use of aberration 

correction. Aberration correction is a relatively new field of microscopy which has 

enabled many new applications such as atomic resolution imaging of beam sensitive 

samples.

Contrast in TEM images is not always easy to interpret and can be formed by a 

variety of interactions. Mass-thickness contrast is the simplest to interpret and is 

dominant for amorphous samples. The image shows contrast because the sample 

either has non-uniform thickness or because some areas consist of heavier atoms 

than  others, or both. Diffraction contrast occurs when the electron beam is inci

dent on an atomic plane at a special (Bragg) angle. When the spacing of the atomic 

planes and the beam angle satisfy the Bragg equation the electrons constructively 

interfere. If an objective aperture is used (see figure 4.3) these scattered beams 

create contrast in the image which is related to the arrangement of the crystal at 

this location.

The diffracted beams constructively interfere to create diffraction patterns. These 

diffraction patterns can also be recorded in the TEM (see figure 4.3) and are a



Chapter 4. Charactensation Techniques 56

()p«it axis
Optic axis Gun cn'ss*)\erGun crossover

C l crossover

C 2  lens  ( o f f i

 5  C2 lens (focused)

Front focal plane of 
objective lens

Upper objective lens C ? lens

Parallel beam

Specimen

F i g u r e  4.2: The ilhimination system  of a TEM . Parallel illuiniiiatiou of the 
sample (TEM  mode) is shown on the left while a focused probe on the sample 

surface (STEM mode) is shown on the right[130].

powerful technique to determine the spacings and orientations of the planes within 

a crystal. The Bragg equation which defines this relationship is nX = 2dsm9,  

where n  is an integer, A is the de Broglie wavelength of the electron, d is the 

spacing between atomic planes in the crystal and 6 is the scattering angle of the 

beam. W hen 9 = 9b , the Bragg angle, constructive interference occurs and a 

diffraction spot is observed in the back focal p lan e \ for a crystalline sample. The 

electrons are scattered to a larger angle by more closely spaced atomic planes. 

They will therefore appear further from the position of the direct (unscattered) 

beam in the diffraction pattern. The angular position of the diffraction spot in 

the diffraction pattern  is used to determine the orientation of the atomic planes.

Phase contrast occurs due to the differences in the phase of the electron waves 

after propagating through the sample. Phase contrast can be used to image the 

^The plane where the objective aperture is found in figure 4.3.
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F ig u r e  4.3: The projection system of a TEAL The formation of a diffraction 
pattern on the viewing is shown in (a) while an image is formed on the screen

in (b)[130].

atomic structure of a sample, if the resolution of the instrum ent is sufficient and 

the sample is thin enough (tens of nanometres). If the resolution is not sufficient 

then artefacts such as edge delocalisation, where extra lattice fringes are seen 

beyond the real edge of a crystal, may be observed. Phase contrast imaging is 

very sensitive not only to the sample but also to the operating conditions of the 

microscope.

The electron beam in conventional TEM mode is parallel and in phase before 

reaching the sample. After passing through the sample the exit wave contains 

information about the sample. The objective lens then adds spurious information
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to this wave due to the lens imperfections. This makes these images difficult to 

interpret and computer simulations are required to understand the contrast. Exit 

wave reconstruction attem pts to remove the artefacts from the final image and 

reproduce the true exit wave. One technique used to achieve this is focal series 

reconstruction. A series of images are captured (twenty is usually sufficient) at 

incremental values of defocus[131]. These images along with the operating pa

rameters of the microscope and constant values such as the spherical aberration 

constant (Cs) of the objective lens are then combined to reproduce the electron 

exit wave. For our TEM the focal series reconstruction method can result in an im

proved resolution of the reconstructed image[132]. W ith this technique resolution 

down to 0.5 A can be achieved.

4.2.1 Scanning Transm ission E lectron M icroscopy

In Scanning TEM (STEM) mode the electron beam is focused into a probe at 

the sample plane (see the right schematic in figure 4.2) and rastered across the 

surface, nmch like in an SEM. Material (Z) contrast imaging can be used to image 

the atomic structure of a specimen. In Z contrast imaging the electrons which 

are scattered to high angles (50-150 mrad) by a nuclear (elastic) interaction are 

detected. STEM mode can be used with a high-angle annular dark field (HAADF) 

detector to exploit Z contrast for imaging[133].

HAADF imaging can resolve the atomic structure of a sample in an easily inter

pretable image. Software packages which must be used to interpret phase contrast 

images are not required in HAADF imaging. The contrast in the image shows 

atoms as bright areas (areas of higher intensity) and the inter-atomic spacings as 

darker areas. Heavier atoms (higher Z number) display a higher intensity with the 

intensity scaling as Z to the power of ~1.7[134]. A column of atoms produces an 

intensity which is directly proportional to the number of atoms in the column.
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The probe of electrons formed at the sample plane must be sufficiently small to 

provide the necessary resolution for atomic scale imaging. This probe must also 

have sufficient brightness to provide a reasonable signal to noise level. A high 

brightness (i.e. field emission) source is a prerequisite for high resolution STEM, 

and aberration correction of the probe forming optics is greatly advantageous. 

W ith such developments STEM can now be used to analyse single atoms[135]. 

Sample requirements for STEM, specifically atomic resolution STEM, are even 

more demanding than for typical TEM samples. The thickness must be no more 

than  a few nanometres, otherwise the beam broadening within the sample will 

limit the resolution.

W'e use STEM to image with easily interpretable thickness contrast. We can also 

avoid edge delocalisation which occvu’s in TEM mode due to lens aberrations. 

This allows us to more clearly observe the edge structTire of our samples. The 

more simple contrast mechanisms in STEM also limit the information w'hich can 

be achieved by this techni(}ue. Diffraction contrast and defect observation, for 

example, are more couuuonly done in TEM mode.

4.2.2 E lectron Energy Loss Spectroscopy

In EELS a beam of electrons with a very narrow range of kinetic energies enter the 

sample. These electrons are then filtered and analysed after interacting with the 

sample. In a thin sample most electrons lose no energy, however some will interact 

with the sample in an inelastic collision. The energy lost in this interaction is 

dependent on a range of factors such as the chemical species of the elements and 

their electronic structure. The energy spectrum of the electrons is resolved by a 

magnetic prism. The EELS spectrum has three main features.

The Zero Loss Peak (ZLP) contains electrons which have lost no detectable energy 

in the sample, this i)eak is shown in figure 4.4[136]. The plasmon peak contains 

electrons which interact with outer shell electrons in the sample and are found at



Chapter 4. Characterisation Techniques 60

plasmon

(M
I  10*

zero-
loss
peak

(/)

O - K
Y- M

Cu-L
1 0 “

600 aoo 10002000 400

E nergy Loss (eV)

F ig u r e  4 .4 : E lectron energy-loss spectrum  o f a h igh-teiiiperature supercon- 
cliictor (Y B a 2 C ii3 0 7 ) w ith  the electron in ten sity  on a logarithm ic scale, show ing  
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5 - 50 eV energy loss. A plasmon is a collective, resonant oscillation of valence 

electrons, the plasmon peak gives information about the density of the valence 

electrons.

Characteristic edges contain electrons which interact with core shell electrons, 

resulting in sharper edges corresponding approximately to the binding energy of 

the sample electrons. This binding energy is characteristic of the sample atom, 

allowing us to identify the composition of the material under investigation. The 

concentration of this element in the sample can also be found by integrating the 

area under the characteristic edge.

W ithin ~  50 eV of the characteristic edge a fine, near-edge structure is observed. 

This region is known as the Energy-Loss Near-Edge Structure (ELNES). The near 

edge structure gives information on the local structure and bonding, for example 

EELS can differentiate between graphitic carbon and diamond-like carbon. The 

extended region beyond the ELNES is known as the Extended Energy-Loss Fine 

Structure (EXELFS). In the EXELFS region a weak periodic oscillation may be
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observed, this can be used to determine the bonding distance and radial distri

bution of near neighbours. EELS is a very powerful technique which can provide 

a substantial amount of information from a sample. W ith the introduction of 

monochromated TEMs the meV range of energy loss can now be probed by EELS, 

wherein lattice vibrations (phonons) can be probed.

Energy-filtered images can also be acquired. In this mode the electrons w'hich 

have lost energy within a certain range are selected to form an image. Energy- 

filtered TEM (EFTEM) can produce maps of the distribution of different elements. 

Plasnion energy-filtered images provide thickness contrast imaging. For graphene 

a 15 eV energy window centred on the 25 eV plasmon energy loss peak can be 

used. As the plasnion excitation cross section is high we get images with greater 

thickness resolution than standard bright field imaging. This is due to the removal 

of the noise from the ZLP[137].

4 .2 .3  E n ergy-D isp ersive  X -ray S p ectroscop y

EDX exploits the fact tha t element characteristic X-rays are produced during 

electron beam irradiation of a sample. When an electron with sufficient energy 

interacts with a core-shell electron it can transfer sufficient energy to the sample 

electron to excite it to an unfilled higher energy level. The atom becomes ionised 

and is left in an excited state. This excited state is unstable and the excited atom 

will decay back to its ground state through the transition of an outer shell electron 

to the inner shell vacancy. The energy can be released as an X-ray photon. The 

energy produced in this relaxation process is characteristic of the atomic species 

involved in the process.

This characteristic X-ray can be detected by an EDX detector within the micro

scope chamber allowing material characterisation to be performed. X-ray produc

tion also occurs over a broad energy range due to the slowing down of the electron
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in the sample. These X-rays produce a background signal on which the charac

teristic X-rays are superimposed. These X-rays are known as bremsstrahlung, or 

braking-radiation. They contribute no characteristic information to the spectrum.

An array of EDX analysis points on a sample can be used to form an image of 

the distribution of the various elements within a sample. The concentrations of 

the elements within the sample can also be determined. Detection of elements 

down to ~  0.1 atomic % with an accuracy of approximately 5 %[138] is typically 

achievable.

4.3 Helium  Ion M icroscopy

The most recent major development in the field of ion microscopes was the heliuni 

ion microscope (HIM) which was commercialised by Carl Zeiss in 2007. The HIM 

is a new charged beam microscope with imique applications. The HIM finds 

itself somewhere between an SEM and a FIB, but with advantages over both. The 

resolution of the tool surpasses what is typically achievable in bulk sample imaging 

with an SEM. Material removal is also possible, but with much higher precision 

than a FIB.

Probe size and resolution are two strongly related terms, however the difference is 

im portant when comparing SEM and HIM. The resolution is not only dependent 

on the size of the probe which the optics can form, but also the volume of the 

sample from which the signal is generated. Petrov and Vyvenko[139] demonstrated 

th a t the secondary electrons generated by 30 keV helium ions have a narrower 

energy distribution peaking at lower energy compared to those generated by 30 

keV electrons. The energy distribution of these secondary electrons is shown in 

the graph in figure 4.5. The m ajority of secondary electrons produced by the 30 

keV helium ion beam have an energy of less than 2 eV. This results in the mean 

escape depth of the secondary electrons produced by helium ions being limited to
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F i g u r e  4.5: A graph of the secondary electron energy distribution in a HIM

typically 2 luu or less[140, 141] resulting in greater surface sensitivity than  SEM 

imaging.

In the  HIM the backscatter yield of ions from the  sample is very low, typically 1% 

or less, especially for low Z m aterials. This also results in a low SE2 yield. SEi 

electrons are the dom inant signal produced in the HIM and, as we have already 

discussed in section 3.1 of this chapter, SEi electrons provide the  highest resolution 

SE imaging. T he HIM was prim arily used for sample milling and m odification in 

th is work. However, it is clearly capable of providing high resolution imaging as 

well.

4.4 Raman Spectroscopy

A technique which can provide a value for the density of defects over a micron 

sized area of graphene was required. This was necessary to  assess the ex tent of the 

dam age introduced by various doses of helium ions. The thickness of the  graphene 

sam ple also needed to  be confirmed. R am an spectroscopy was selected as it is a 

fast, non-destructive technique which can provide this information[142].

operating at 30 kV[139].
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Raman spectroscopy is an optical characterisation technique which can be used 

to probe the vibrational modes of crystal structures. A monochromatic beam of 

photons (a laser) is focused onto the sample. Photons are absorbed by the sample 

and are then em itted after a short period. The em itted photons can have a shift 

in energy relative to the incident photon which is characteristic of a particular 

phonon mode within the sample. The em itted photons are collected with a lens 

and sent through a monochromator to seperate them based on their energies. A 

spectrum  of the energy shift, or Raman shift, is produced.

For a perfect crystal structure with Raman active phonon modes several sharp 

well defined peaks will be observed. These peaks may shift due to sample doping 

or change in intensity due to symmetry breaking in the crystal structure. Other 

modes may also become Raman active within the crystal as the structure is mod

ified. For example, defective graphene displays a D peak which is not present in 

the pristine form of the crystal. Raman spectroscopy can therefore be used to 

identify the extent of the defects within a graphene sample. The Raman spectrum 

is also sensitive to the stacking of layers. A measure of the thickness of thin, lay

ered materials, such as graphene[l43] and MoS2[18], can be made with single layer 

resolution. If the sample stage is electronically controllable then a Raman map of 

the surface can be created. This can be used to show the distribution of defects 

or the thickness variation across the sample.

The most prominent features of the Raman spectrum of graphene are the charac

teristic G peak at ~  1580 cm“  ̂ and the 2D peak at ~  2700 cm“ ^ A third peak, 

the D peak at ~  1350 nm “ ,̂ becomes Ram an active in defective graphene. In the 

low defect density regime the ratio of the D peak intensity to the G peak intensity 

( I d / I g ) i s  proportional to the defect density[144].

The ram an spectra of graphene samples of different thicknesses are shown in fig

ure 4.6[145]. Single layer, bi-layer and few-layer spectra are shown. Single layer 

graphene has the smallest G peak to 2D peak intensity ratio. This ratio grows as
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the sample thickness increases. The 2D peak is also observed to broaden as the 

number of graphene layers increases.

Pristine and defective graphene spectra are shown in figure 4.7[59]. The 2D peak is 

not shown in this energy range. The bottom  spectrum  is from pristine graphene. 

The spectra further up in the image get progressively more defective. As the 

material becomes more defective a new peak, the D peak, is observed to grow on
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the left hand side. A second defect related peak, the D' peak also appears to the 

immediate right of the G peak. The ratio of the D peak to the G peak intensity 

can be used to estimate the density of defects in the sample[144]. At very high 

defect densities the peaks in the spectra broaden and the defect density can no 

longer be estim ated by this ratio. The material has become highly defective at 

this point.

For graphene analysis by Ram an spectroscopy a 633 nm HeNe laser, a 100 x ob

jective lens and a diffraction grating with 1200 lines m m “  ̂ were used. The time 

used to acquire a spectrum with a good signal to noise ratio from a point on the 

sample was 10 s. For greater signal several spectra can be averaged.

The simplicity and speed with which Raman spectroscopy can probe the structure 

of graphene make it a highly tiseful and widely adopted technique. The main 

limitations of this technicjue are the time it takes to produce a Raman map of the 

sample and the resolution of the technique which is limited by the laser spot size, 

typically ~1 //ni.

The characterisation methods discussed here have been dem onstrated to have 

broad applicability to the investigation of modified layered materials. These tech

niques facilitate the analysis of sample composition, topography, structure, geom

etry, and thickness. In the next chapter the results of the experiments on focused 

electron beam etching of graphene in a gas environment will be described in detail.



Chapter 5

Gas A ssisted E-beam Etching of 

Graphene

In this chapter the use of a low energy (<1() keV) focused electron beam to etch 

graphene will be described. The electron beam was used to supply the energy 

required to facilitate a graphene-nitrogen reaction. This reaction causes carbon 

atoms to be removed from the sample within the region of the beam. Nanopores 

were created by this process. This approach has the benefit of confining the 

nanopore generation to a nanoscale region.

The effect of the various parameters on the etching process will be assessed. These 

param eters include, the electron probe size, the beam dwell time, the beam current, 

the beam energy and the gas pressure. The resulting microstructure modification 

will be analysed by TEM. The model for the etching process will also be verified.

5.1 Etching Experim ent

Chemically exfoliated few-layer graphene was prepared in solution as described in 

section 2.2. The solution was dropped onto a lacey carbon support film on a TEM

67
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grid and left to dry in air overnight. 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 adjacent region of the beam-sample interaction 

spot through a nozzle. The flux was adjusted by monitoring the gas pressure in 

the SEM chamber. Etching of the graphene was studied as a function of beam 

dwell time, nitrogen gas pressure, beam current and beam energy.

The damage to the graphene by the etching 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 transmission mode in the 

SEM and converting it to binary, i.e. black and white, using ImageJ. One such 

binary image is shown inset in flgure 5.1(d). A histogram of the area was then 

used to find the number of black pixels. As the scale of each j)ixel is known the 

size of the holes etched in the material can be calculated.

The TEM was operated at an acceleration voltage of 80 kV to analyse the effect 

of the etching process on our sample while minimising the damage introduced[77]. 

As well as standard TEM imaging, focal series reconstruction and energy-filtered 

TEM (EFTEM) were used to analyse the sample after etching. EFTEM  plasmon 

imaging, as described in section 4.2.2, was used to resolve the sample thickness 

with monolayer precision[137]. For this technique we apply a 15 eV energy window 

centred on the 25 eV plasmon energy loss peak of graphene.

5.2 R esults and Analysis of the Etching Process

Figure 5.1(a) is an SEM image of a typical graphene flake before etching experi

ments. It shows uniform contrast, indicating the same thickness, across an area 

of up to 1 X 1 yum . Deposition of carbon contamination was initially observed 

to occur before introducing nitrogen gas into the chamber. The contamination 

appeared as bright circular features, as shown in figure 5.1(b). The nitrogen gas
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flow was then turned on. Partial etching of three areas on a flake is shown in flgure 

5.1(c). However, the rate of etching was not fast enough to etch through all of the 

layers of the sample before the area drifted out of the region of the beam probe. 

The drifting was obvious due to the elongated shape of the etched areas. This is 

typical of thicker flakes, thin flakes (typically <3 layers) were therefore selected 

for our experiments. This drifting is typically due to inherent instabilities in the 

stage and was unavoidable.

Some contamination was also observed around the edges of the etched area. Suc

cessful etching through a flake is shown in flgure 5.1(d). Holes of several tens 

of nanometres in diameter can clearly be seen to have been introduced in the 

graphene flake. There are nine such holes in the flake corresponding to nine elec

tron beam conditions. The inset is an image of the holes after converting the image 

to binary. The binary image was used to calculate the area of material removed 

by the etching process.

T h e  effect o f th e  n itro g e n  gas on the etching was investigated by varying 

the pressure of the nitrogen gas in the system. The dwell time was set to 30 s. 

Five adjacent regions on the same flake were irradiated at different gas pressures. 

The images of the effect of the exposure at 55 pA beam current are shown in 

flgure 5.2(a) with the lowest gas pressure at the bottom . In figure 5.2(b), with a 

fixed beam current of 55 pA (black scjuares), etching occurred when the nitrogen 

pressure was higher than ~  250 mPa. Above this value the etching rate was 

positive. Hydrocarbon contamination was observed at a lower pressure. The 

deposition was graphed as negative etching rate. The increasing nitrogen pressure 

was observed to suppress hydrocarbon contam ination and enhance etching.

The experiment was then repeated with larger beam currents. At a beam current 

of 70 pA (red circles in figure 5.2) deposition of contam ination 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 tha t the etching rate was linearly
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F i g u r e  5.1: (a) SEM image of a graphene flake before etching, (b) Four spots 
of beam deposited carbon before the nitrogen gas was introduced, (c) Three 
partially etched regions, (d) Nine holes etched into a flake, each imder different 
conditions. Inset is the binary image used to calculate the size of the etched

areas.

dependent on the nitrogen pressure within our experiments. For the following 

experiments the nitrogen pressure was fixed to approximately 300 mPa.

The beam  dwell tim e effect was studied by observing the amount of material 

etched for a range of dwell times. The dwell time refers to how long the electron 

beam probe was left focused on a single spot on the sample. A fixed nitrogen 

pressure (~300 mPa) and beam current (~180 pA) were used. The experiment 

was conducted on two flakes. As shown in figure 5.3, the etched areas of the two 

flakes both increased approximately linearly as we increased the dwell time. The 

etching rates of the two flakes measured, i.e. the slopes of the two curves, are 

however different, 5.2 ±  0.6 nm^/sec (blue squares) and 2.7 ±  0.3 nm^/sec (open 

circles) for samples 1 and 2 respectively. This can be a ttributed  to the different
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F i g u r e  5.2: An exam ple of th e  deposition  and  etch ing  observed a t different 
n itrogen  gas pressures is shown in (a), a 55 pA  beam  cu rren t and  5 keV beam  
energy were used, (b) A t th e  lowest beam  cu rren t (55pA, black squares) hy
d rocarbon  con tam ination  was in itially  observed. U pon increasing th e  n itrogen 
gas pressure th e  deposition  was observed to  be suppressed, etch ing  th en  began 
to  dom inate. T he ra te  of etch ing  grows w ith  higher gas pressure. T h e  effect of 
n itrogen gas pressure on th e  etching ra te  was also observed a t beam  cu rren ts  of

70 and  700 pA.

thicknesses of the flakes used and it indicates tha t the number of layers in the flake 

had an effect on the etching rate. Nevertheless, the etching rate was constant for 

a given flake within the duration of the experiment (< 180 sec).

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 5.4(a)) the deposition 

of contamination was observed, graphed as negative etched area. W hen 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 5.4(b) 

a further increase was observed in the etching rate with larger beam currents 

( -  300 pA)i

'I t  has been found tha t the etching rate depends on the size of the electron beam probe, 
especially at a low current range. To exclude this effect, the probe size was monitored and 
controlled at each beam current. A value of 6.5 ±  3.1 nm was recorded, this probe size variation 
is negligible and was discounted as a contributing factor to the etching rate.
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is observed in (a). A higher rate of etching occurs with increasing beam current,

as is evident from (b).
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T h e energy o f th e  e lectron  beam  was also observed to have an effect on the 

etching rate. The energy was increased from 2 keV to 10 keV with a step of 

AE =  2 keV. During this experiment the beam current (240 pA), the nitrogen 

pressure (300 mPa) and the probe size (~11 nm) were maintained at constant 

values within the error of the experiment. The image from which the data was 

taken is shown in figure 5.5(a). This image shows a flake of graphene with five holes 

etched using five different electron beam energies. The area of each of the holes 

versus the electron beam energy was graphed in figure 5.5(b). It was apparent from 

the experimental data tha t the etching rate was strongly dependant on the beam 

energy. A large increase in etching rate was observed for lower energy electrons.

1 2 0 0 -

ro 400 -
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Beam Energy (keV)

F i g u r e  5 .5 :  (a) Transmission SEM image of a graphene flake etched in five 
different areas by five different electron beam energies. The energy used to etch 
the adjacent hole is indicated in units of keV. (b) Graph of the etching rate of 
graphene as a function of the incident electron beam energy. A sharp increase 

in the etching rate at lower beam energies was observed.

Below is a summary of the effects of the different param eters within the system 

on the etching.

N itrogen  gas No etching without the gas. Linear increase in etching rate as gas 

pressure was increased.
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B eam  dw ell t im e  Linear increase in etched area with increasing dwell time. 

Etching shown to be slower with thicker flakes.

B eam  c u r re n t  Linear increase in etching rate as beam current was increased.

B eam  e n e rg y  Large increase in etching rate for lower beam energies.

It was described in section 2.5.2 th a t an electron with sufficiently high energy 

(>86 keV) can cause removal of m aterial by a physical sputtering process. The 

process occurring here follows the opposite trend to this mechanism, lower energy 

electrons cause more material removal. It is therefore not knock-on damage which 

causes the etching observed here.

The effect of the beam heating on the sample was first considered as a mechanism 

for the material removal process. If the electron probe could heat the exposed 

region significantly then ablation of the carbon could be occurring. The sample 

tem perature was estim ated by using the model outlined by Reimer and Kohl[146]. 

Using the surface plasmon interaction we foimd the j)robe of the SEM to introduce 

a tem perature of ~387 K, far below the sublimation tem perature of ~4,000 K for 

graphite.

The kinetic energy of the nitrogen molecules was also considered using |k s T ,  which 

should be appropriate at this pressure. At only ~0.03 eV their kinetic energy is 

insufficient to cause damage to the graphene lattice, as described in section 2.5.2. 

Even if the nitrogen is in therm al equilibrium with the beam electrons (1,800 K) 

their kinetic energy would still only be 0.155 eV. This is far below the ~20 eV 

required to displace carbon from its lattice position.

The results can be explained by the low-energy e-beam activated gas etching model 

proposed in section 3.1.2. This model a ttributes the etching process to a combi

nation of two factors. Thermal energy is supplied to the graphene sample by 

the electron beam, thereby lowering the activation barrier for the carbon-nitrogen 

reaction to occur. The electron beam also ionises the nitrogen gas, creating a 

substantially more reactive species of nitrogen.
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Eciuation 3.6 (^4 {E) = R t)  predicts th is behaviour as the  area etched was cal

culated  to  be proportional to  the tim e of exposure. This equation describes the 

etching probability  per interaction. It is therefore reasonable th a t the  am ount of 

nitrogen, as well as electrons, had a linear relationship w ith the  etching rate.

The effect of the  energy of the electron beam  on the ra te  of etching is less clear. 

The etching model proposed must be able to  explain th is effect. E quation 3.5 

predicts a higher ra te  of energy transfer to  the etching process as the electron 

beam  energy is reduced. This increased energy transfer occurs due to  bo th  the 

higher nitrogen ionisation cross section and th e  stronger beam -sam ple interaction 

a t lower beam  energies. Due to  these combined effects the  etching ra te  will rise 

sharply w ith decreasing beam  energy.

F irst, equation 3.3 was used to  find the ionisation cross section of nitrogen gas as 

a function of th e  electron beam  energy. For the nitrogen molecule there are four 

molecular orbitals. The orbital values for B and U defined by Hwang et a/.[ll7] 

were used. T he ionisation cross section from each of the orbitals w'as added to  get 

the to ta l ionisation cross section for a given electron beam  energy. The ionisation 

cross section of a nitrogen molecule for a 2 keV electron is shown in table 5.1. The 

to ta l ionisation cross section is, cr̂  =  0.521 A^.

O rbital B (eV) U (eV) N a [ k ^ )
2ag 41.72 71.13 2 0.04189
2,(7 21.00 63.18 2 0.09585
l7T„ 17.07 44.30 4 0.2468
3ag 15.58 54.91 2 0.1366

T.\ble 5.1: Table of the constants of each of the orbitals of the nitrogen
molecule[117]. The ionisation cross-sections, a. of each orbital for a 2 keV

incident electron are listed.

The ionisation cross section values for each of the energies used in our exper

im ents were then  calculated. The values are p lo tted  in figure 5.6 as blue cir

cles. This d a ta  can be fitted by the exponential relationship: fTj (2 — 10 keV) =
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F ig u r e  5.6: A logarithmic increase in the calculated ionisation cross section of 
nitrogen gas (blue circles) occurs as the energy of the electron beam is reduced.

The experim ental d a ta  from figure 5.5 is shown as black squares.

exp(—0.066)£'j'~°'^^A^. This fitting describes the ionisation cross section as a func

tion of the electron beam energy, over this da ta  range only.

The experimental etching data  from figure 5.5 is re-plotted in figure 5.6 as black 

squares. It can be seen th a t in terms of the electron beam energy dependence, the 

experimentally observed etching behaviour (black squares) deviates qualitatively 

from the nitrogen ionisation model in figure 5.6 (blue circles). This indicates tha t 

the etching mechanism is also regulated by other physical processes.

The amount of energy transferred from the electron beam to the graphene as a 

function of beam energy is given by equation 3.4. The values for carbon were 

substituted into the equation (Z =  6, p =  2.1 g/cm^ and A =  12.01 g/mol). The 

param eter Ej is equivalent to the beam energy E as we are using an atomically
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thin target. The equation then becomes:

r /  0  0 7 8 4 \  1
(5.1)

dE  8.24
- { k e V n m  ) =  - ^ l n

0.0784 \  
11.Q6E ( 1 +  — ^ )

The ionisation of the nitrogen molecule and the therm al energy transfer to the 

graphene sample are two independent processes. Their effect on the overall etching 

rate is therefore simply described by the product of the probabilities of these two 

events.

E  [nm s =  A: exp (—0.06563) E^ 0 . 8 3 8 5 ) 11.66E'  ^1 -I- (5.2)

This e(iuation can then describe the exi)erimental data  recorded quantitatively. 

The only fitting param eter is the proportionality constant k, w'hich represents a 

one dimensional etching rate i)er thousand eV of energy of the electron beam. 

This model is used with k =  1.32 nm s~^ keV“ ' to plot the dashed curve in figure 

5.7. The curve is in good agreement with our experimental data points shown 

in figure 5.7. This result indicates tha t the etching rate is dominated by the 

probabilities of nitrogen ionisation and beam-graphene interaction in this system 

and the combined effect of these two processes determines the etching rate observed 

experimentally.

The linear enhancement in etching rate due to a higher gas pressure, a higher 

beam current and a longer beam dwell time can all be explained by this model. 

For example, if there are more nitrogen ions, more reactions with the graphene 

surface can occur. An increase in either the nitrogen gas pressure or the electron 

beam current will lead to an increase in the rate of nitrogen ion production. An 

increased irradiation time will also produce more nitrogen ions.

The experimental and theoretical analysis corroborates the chemical etching model 

which we proposed in chapter 3. Nitrogen ions react with the activated graphene 

surface to form a gaseous product (such as cyanogen, (CN)2[147]) and carbon 

atoms are removed initially. The vacancies which these leave behind cause the
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F igure 5.7: The hue is a fitting of the model introduced in section 3.1. The 
black squares are the experimental data points from figure 5.5.

neighbouring atoms to rearrange due to surface tension. This disordered region 

has a reduced activation energy leading to an enhanced etching rate. These areas 

grow into pores. The density of pores is greatest at the point of incidence of the 

electron beam, leading to a hole forming at this location in the material.

HR-TEM images enhanced by focal series reconstruction are shown in figure 5.8(a) 

and (b). Figure 5.8(a) is an image of a region of pristine graphene. Figure 5.8(b) 

shows the structure of the lattice of graphene adjacent to an etched region. The 

graphene lattice undergoes structural disorder and amorphisation by these pro

cesses, leading to the worst affected areas growing into the pores which were ob

served in figure 5.8(c) and (d).

A hole was formed where the electron beam was centred due to a large density 

of these pores. Nitrogen ions diffuse from the region of the electron beam and 

damage an area much larger than  the beam spot size. The size of the electron 

probe is indicated by a red spot at the centre of the etched area in figure 5.8(d).
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2Unni

F ig u r e  5.8; (a) A focal series reconstnictioii of pristine multi-layer graphene.
(b) A reconstruction of graphene adjacent to an area etched in the SEM. A 
high pass filter which highlights the high frequency information and removes 
the ‘foggy’ background has been applied to both  of the reconstructed images.
(c) Bright-held TEM  image of the edge of one of the etched holes, red arrows in
dicate some pores evident in the m aterial, (c) A plasmon energy loss image with 
thickness contrast, the red dot a t the hole centre shows the nominal diam eter

of the SEM electron beam used to etch the hole (5.9 ±  0.4 nm).

The nitrogen ions have a lim ited diffusion length which leads to  th is increasing 

thickness fu rther from the hole centre. An area where the m aterial was not etched 

is soon reached, typically w ithin forty nanom etres. An illustration of the  etching 

process is shown in figure 5.9.

It is w orth noting th a t the  experim ental etching ra te  is slightly higher th an  the 

model predicted a t lower beam  energies. The lower energy electrons interact far 

more strongly w ith the  carbon and nitrogen atom s in the  system[71]. The high den

sity of nanopores and their coimection result in removal of large areas of graphene 

at an enhanced rate.
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Graphene
Lattice

Electron Beam

F i g u r e  5.9: An illustration of the etching process. The nitrogen gas (blue cir
cles) is ionized (green asterisks) by the electron beam (pink cone at the centre).
The nitrogen ions bond with carbon atom s to form a gaseous product (hollow 

circles) which is then pum ped from the system.

5.2.1 Tem perature Effect

The energy supplied by the beam to the graphene causes a heating effect which 

lowers the activation barrier for the etching reaction to occur. It follows th a t if 

therm al energy could be supplied by another means the rate of the reaction could 

be further increased. Similarly if the sample were to be cooled the rate of the 

reaction would be slowed.

A stage with a controllable tem perature range from -25°C to +50°C was used to 

investigate the effect of tem perature on the etching. The beam energy was set to 

5 keV, the beam current was 150 pA, the nitrogen gas pressure was 380 m Pa and 

the dwell time was 620 ns.

The stage is water cooled, this leads to more instability than a normal stage. The 

stage drifted quite significantly, at up to 100 nm /s. This drift rate prevented the 

use of a single point irradiation as in the previous experiments. Instead an entire 

flake was irradiated for a total time of 10 min. One flake was irradiated at -25°C, 

another at +50°C. The to tal area irradiated in each experiment was 1.5 x 1.5 /^m.
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The sample was then analysed using plasmon-filtered TEM. W hat we expected to 

observe were nanopores distributed across the surface, like those seen arovmd the 

edges of figure 5.8(d).

The flake irradiated at -25°C is shown before and after etching in figures 5.10(a) 

and (b) respectively. The flake irradiated at +50°C is shown before and after 

etching in figures 5.10(c) and (d) respectively. The before etching images in figures 

5.10(a) and (c) are SEM images. The after etching images in figures 5.10(b) and 

(d) are plasmon energy filtered TEM images. The contrast is not exactly the same 

in the before and after images due to the different imaging techniques used. W hat 

was expected from the etching was damage at the flake edges or pores etched into 

the surface. These effects were not observed in either case. It is clear from these 

images that the irradiation caused no observable etching effect.

The lack of etching observed can be attribu ted  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 sarni)le due to the drifting, resulting in an area 

of 2.25x10® nni^ 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 ~10 days would be required.

A stage with a greater range of tem perature control and more stability (to reduce 

drifting) would be required to further investigate the effect of tem perature on the 

rate of etching.
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F i g u r e  5.10: (a) SEM image of a graphene flake, (b) The same flake imaged 
in plasmon energy filtered TEM  after etching at -25°C. (c) SEM image of a 
graphene flake, (d) EF-TEM  image of the same flake after etching a t +50°C.

5.2 .2  G as A ssisted  E -b eam  E tch in g  o f  M 0 S 2

The nitrogen gas assisted electron beam etching technicpie was developed using 

graphene. This technique would have a much l)roader ajjpeal if it could be applied 

to a range of materials. Etching of a few-layer flake of M0S2 was attem pted.

Figure 5.11 shows a flake of M0S2 after an attem pt at etching. The electron beam 

was focused on a point within the red box. No observable etching occurred. This 

result was a ttribu ted  to two factors. Firstly, M0S2 layers are three atoms thick, 

unlike the single atom thick graphene layers. As was observed earlier, the thickness 

of a sample affects the rate of etching. Secondly, the M0S2 sample consists of heavy 

metallic elements which do not react with nitrogen to become a gaseous species 

which evaporates from the sample. This result indicates th a t only an etching gas 

and a sample which react to form a gaseous product are suitable for this etching 

technique. It must be determined if such a product exists when determining the 

applicability of this technique to new materials.
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F i g u r e  5.11: An M0 S2 fiake after etchm g a ttem pt. No observable etching
occurred.

In this chai)ter a novel tec'huiciue to  coutrollably fabricate naiiopores in graphene 

w ith a low energy electron beam  has been dem onstrated. This m ethod over

comes the  lim itations suffered by other techniques, providing spatial control of the 

etching[75]. A model was also develojied to  describe this etching m ethod. The 

removal of areas of graphene as observed in the  SEM was found to  occur due the 

reaction between the nitrogen ions in the system  and the excited graphene la t

tice, bo th  of which are a direct conseciuence of the  presence of the electron beam . 

N anopores w ith a diam eter of < 10 nm  were fabricated. A high density of these 

pores can be fabricated in order to  remove larger areas of m aterial.

T he experim ents conducted here and the model proposed rely on the  generation of 

nitrogen ions, bu t o ther gases could also be used. T he calculations used to  model 

th is process m ay be applied to  a range of m aterials and  gases, as long as they react 

to  form a gaseous product. F urther work can be done to  afford more control of 

the  etching process, such as adjusting the sam ple tem peratu re. The m odifications 

m ade here have been well characterised and can hopefully find applications in gas 

filtration[3], DNA sequencing[5] or tuning of the  carrier density of graphene[56].

The e-beam  induced chemical etching process developed here still has some limi

tations. The etching was localised to  the  region near the  electron beam , however,
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the diffusion of ions did reduce the resolution of the process. A precisely defined 

shape of arbitrary dimensions cannot be etched from the sample. This technique 

cannot reliably produce a required density of defects within the structure of the 

material. Also, an appropriate gas must be used such tha t a reaction with the 

m aterial to be etched will produce a gaseous product.

In the next chapter the direct sample modification abilities of a beam of helium ions 

will be investigated. The issue of diffusion of ions from the location of the probe 

is overcome in this approach. This process can also facilitate the modification of 

samples without relying on a chemical reaction to occur.



Chapter 6

Graphene Imaging &:

M odification w ith a HeUum Ion 

Beam

In the previous chapter the modification of a graphene surface was achieved by 

the locahsed reaction of nitrogen ions with the carbon atoms in graphene, enabled 

by the electron beam. The technique was limited in its resolution and the range of 

samples to which it can be applied. A very promising technique to overcome such 

limitations is th a t of direct sample m anipulation by irradiation with a focused 

beam of high energy (tens of keV) ions.

In this chapter the beam damage, image quality and edge contrast of a graphene 

sample in the helium ion microscope (HIM) will be investigated. Ram an spec

troscopy will be used to quantify the disorder th a t can be introduced into the 

graphene as a function of helium ion dose. The effects of the dose on both free

standing and supported graphene will be compared. This rate varies due to the 

interactions which the beam midergoes in the substrate and will be clearly shown 

and explained. The ability of the HIM to produce GNRs will also be shown.

85
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The irradiation doses investigated by Raman spectroscopy will be correlated di

rectly to image quality by imaging graphene flakes at high magnification. The 

edge contrast of a freestanding graphene flake imaged in the HIM will then be 

compared with the contrast of the same flake observed in SEM and STEM.

6.1 D efect D ensity vs. He+ Dose

6.1.1 D efects vs. D ose Experim ent

For this experiment both freestanding and supported graphene samples were pre

pared by the Chemical Vapour Deposition (CVD) method. A 1x1 cm copper foil 

was placed in a furnace and heated to 1,000 °C in vacuum. Met hane and hydrogen 

were flowed through the furnace causing carbon to deposit on the copper surface. 

The furnace was then cooled, leaving a single, continuous layer of graphene on the 

copper fllm.

To make the freestanding sample the graphene was transferred to a silicon sub

strate with arrays of 2 /um holes by the following steps. A 200 nm polymer 

(PMMA) layer was spin coated onto the sample. The copper foil was chemi

cally etched away. The graphene and polymer layers were transferred to a silicon 

substrate. The PMMA layer was removed with acetone. Finally, the sample w'as 

removed from the acetone and left to dry in air.

Some residual polymer contam inants remain after this process[148]. The extent 

of the residual contam ination on our sample can be seen in the SEM image in 

flgure 6.1. In this image the white areas correspond to the contaminants. The 

effect of this contam ination has been observed to introduce some doping in the 

graphene [149, 150],
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200 nm

F i g u r e  6.1: SEM image of the residual contam ination on CVD graphene after 
transfer to  an Si02 surface. The contam ination appears as the white regions on

the sample.

T he sujjported  graphene sample was i)repared by th e  same i)rocess as above except 

th a t the graphene was transferred  onto a 300 nm  Si()2 layer grown on a silicon 

substrate. Single layers were identified by optical contrast.

A HIM operating a t an acceleration voltage of 30 kV was used to  irrad iate  bo th  

graphene samples. Seven areas on each sam ple were irrad iated  w ith doses of 10^^, 

5x10^^, 10^^, 5x10 '^ , 10^^, 5x10^^ and 10̂ ® He+/cm ^. This exposure was achieved 

by using the in ternal pattern ing  software to  raster the focused helium beam  over 

a 2 X 2 //in area w ith a 5 nm  pixel spacing. A beam  current of 1 pA was used and 

the  dwell tim e per pixel was adjusted  to  achieve the  required dose.

R am an spectra  were acquired from the irrad ia ted  areas using a 10 s acquisition 

tim e and four spectrum  averages a t each point.

6.1.2 D efects vs. D ose R esu lts

Seven R am an spectra  from the  seven irrad iated  areas on the  freestanding and sup

ported  graphene samples were acquired. A spectrinn  from a nearby un-irrad iated
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area was also acquired. These spectra are shown for freestanding and supported 

graphene in figure 6.2(a) and (b) respectively. In order to find the defect density 

the Id / I g ratios for each spectrum were found and are plotted as a function of the 

log of the irradiation dose in figure 6.3. It is clear from the first four data  points in 

each graph th a t the supported graphene sample consistently has a greater defect 

density (higher I ^ / I g ratio) than  the freestanding graphene sample, at the same 

irradiation dose. At a dose above 5x10^^ He"*'/cm^ the Id / I g ratio can no longer 

be used as an indicator of the defect density in the sample[151]. Above this dose 

the peaks are observed to become progressively broader. Also the 2D peak is not 

present in the highest dose samples. At this point the material has become heavily 

defective.

The supported graphene sample experiences more damage than the freestanding 

graphene sample for several reasons. We used a SRIM[152] simulation to find the 

backscatter yield of helium from the sample. Backscattered ions can interact a 

second time with the graphene layer on the surface. The sample was set up as a 

0.34 nni carbon layer on a 300 nni Si02 layer on a Si substrate (C density =  2.25 

g/cni^, Si02 density =  2.65 g/cm^). The trajectories of 10,000 30 keV hehum ions 

in the sample were simulated. The damage calculation mode was set to monolayer 

collision steps. Figure 6.4 shows the trajectories of the first 500 helium ions in 

the sample. Very few of the ions were observed to backscatter to the surface of 

the sample. The yield of backscattered ions from the 10,000 in the simulation 

was just 0.94 %. This result indicates th a t a slightly higher dose was received 

by the supported sample due to backscattering of the primary beam within the 

substrate. However the backscatter yield is so low th a t it alone cannot account 

for the significant difference in damage rate between the two samples tha t we have 

observed.

Another factor to consider is the removal of the substrate atoms from the sample 

by the primary beam; this process is known as sputtering. The sputtered ions 

can interact with the graphene on their way to the surface. The sputtering yield
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F i g u r e  6.2: Raman spectra from  graphene areas irrad ia ted  w ith  various doses 
o f heUum ions. The sample in  (a) was freestanding graphene. The sample in 

(b) was graphene supported on Si02-
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F igure 6.3: The ratio of the D peak to G peak intensity of the Ramaii spectra 
shown in figure 6.2 plotted against the log of the ion dose. The supported 

sample was observed to have a higher rate of defect production.

is defined as the number of sputtered atoms divided by the niunber of incident 

ions. From the SRIM sinmlation we know that the sputtering yield for graphene 

is 0.035. The sputtering yield is 0.003 for Si and 0.005 for O. These sputtered 

atoms have a very low energy when compared to th a t of the primary beam. They 

therefore have a shorter elastic mean free path (MFP) than the primary beam. 

The sputtered atoms will transfer more energy to the atomic nuclei than  to the 

sample electrons[123]. These various collisions contribute to the enhanced rate 

of damage in the supported graphene sample over the freestanding sample. The 

sputtering yield for freestanding graphene is just 0.005.
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Graphene

F i g I ' R E  6.4: SRIM sim ulation of tlie tra jectory  of 30 keV heliiun ions. The 
sample is single layer graphene on a 300 nm Si()2 layer on Si. 500 ion trajectories 
are shown. 10.000 ion trajectories were sim ulated to  obtain a value for the yield 
of backscattered helimn ions. 0.94% of the ions were backscattered. Sputtering 
yields of 0.035 for C. 0.003 for Si and 0.005 for O were also calculated from the

simulation.

6.2 Im age Q uality vs. He^ D ose

6.2.1 Im age Q uality vs. D ose E xperim ent

Graphene flakes were prepared by liquid phase exfoliation. A couple of drops of 

the solution were dropped directly onto a holey carbon support film on a TEM 

grid and left in air to dry.

In order to correlate the ion doses analysed by Raman spectroscopy with image 

cjuality in the HIM a graphene flake was located selected in the HIM. Flakes were 

used for this part of the project in order to obtain good edge contrast. The 

graphene flake was suspended above a deep hole (several mm) which acts as a 

Faraday cup. The bottom  of the Faraday cup was coated in carbon. This set-up
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produces minimal background noise in the images from secondary electrons and 

backscattered ions produced beneath the graphene sample.

The flake was imaged with a field of view of 500 nm. This is approximately the 

minimum magnification at which the sub-nanometre resolution of the tool can still 

be demonstrated. Higher magnifications would make it impossible to image with 

the extremely low dose we require. Even at this magnification an image with a dose 

of 10^  ̂ He+/cm^ could not be acquired as our beam blanker could not blank at a 

fast enough rate to acquire this image with the parameters used. The maximum 

blanking rate is 100 ns.

Images of the flake were acquired with doses of 5.2x10^^, 1.3x10*^, 5.2x10''^ 

He’’'/cm ^. These images were acquired with a beam current of 0.4 pA, a field of 

view of 500 nni and a resolution of 512x512 pixels. The dwell times used were 

0.2 //s, 0.5 /xs and 2 /is respectively. A final image was acquired with a much 

higher dose of 1.3x10^^ He"*'/cm^. This is the typical dose used when acquiring a 

high resolution image from which the sub nanometre probe size of the HIM can 

be measured. For this image the dwell time was 1 fis the resolution was increased 

to 2,048 x 2,048 and 32 line averages were used.

6.2.2 Im age Q uality vs. D ose R esults

Four images of a few layer graphene flake acquired with various doses in the HIM 

are shown in figure 6.5 (a) - (d). Three of these images were acquired with doses 

very similar to those investigated by Ram an spectroscopy (5x10^^, 10̂ '̂ , 5x10^^ 

He“''/cm^) and one with a much higher dose of 1.3x10^^ He'^/cm^. An intensity 

profile from each image was plotted across the top edge of the flake as indicated in 

figure 6.5 (a) - (d). These profiles are shown to the right of the image from which 

they were plotted. In the first half of each profile there is no signal, this indicates 

th a t the experimental set up has successfully minimised any signal generation 

from beneath the sample. As the beam then scans across the sample a signal is
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observed. In the lowest dose image (figure 6.5(a)) the signal to noise ratio is very 

poor and the sample edge is not well defined. The signal to noise is increased as 

the imaging dose increases, however it is not until a significant dose, on the order 

of 10^  ̂ He+/cm^ (figure 6.5(d)), that a good signal to noise ratio is achieved. This 

dose is over 200 times the maximum dose which we have investigated by Raman 

spectroscopy.

5x1013 ^

5x101''

D istance (nm) IxlQi^ ^
Ua

1.3x101^

Distance (nm)

1.

D istance (nm)

F i g u r e  6.5: (a) - (d) Helium ion inicroscopc images of a graphene flake ac
quired at various imaging doses. The flake is freestanding over a hole in a holey 
carbon support film. The imaging dose used is indicated on the image in units 
of He+/cm^. An intensity profile across the edge of the graphene flake was plot
ted from each image and is shown adjacent. A poor signal to noise ratio was 
observed until the highest dose of 1.3x10^^ He"'‘/cm^ was used. From the edge 
profile of the highest dose image the probe size was estimated to be 0.5 nm ±

0.1 nm.

From the intensity profile of the image acquired at the highest dose an accurate 

edge profile measurement could be made. Taking the distance from 25 % intensity 

to 75 % intensity across the flake edge gives us a FWHM of our probe of 0.5 ±0 .1  

nm. This measurement was done using the ImageJ[118] software package. The 

signal to noise ratio of the edge profile measurement from the low dose images 

could be improved by averaging over the wddth of several pixels. This approach 

could only be used in the limited case of a perfectly straight edge. Also, the image 

would still not reveal any other useful information such as surface details.
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These results show us th a t in order to acquire an image of graphene with sub- 

nanometre resolution in the HIM, a dose which is hundreds of times beyond tha t 

which causes serious damage to the graphene lattice is required. Either a high 

quality sample or a high quality image can be attained, but not both.

6.3 HIM Imaging vs. SEM and STEM

6.3.1 Im age C ontrast E xperim ent

A graphene flake was identified on the TEM grid. An image of this flake was 

acquired in an SEM using the in-lens detector. The microscoi)e was operating at a 

20 kV acceleration voltage. A 2.6 nmi working distance was used. The same flake 

was then imaged in a TEM operating at 300 kV. STEM mode was used with a 

HAADF detector to acquire the image. Finally the flake was imaged in the HIM, 

which was operating at 30 kV. A very low beam current of 0.4 pA was used in the 

HIM to minimise sample damage.

6.3.2 Im age C ontrast R esu lts

When accurate topographical and dimensional analysis is required the HIM pro

vides very useful information when compared to electron microscopes. The three 

images of a single graphene flake acquired in three different microscopes are shown 

in figure 6.6. Figure 6.6(a) is the SEM in-lens image, (b) is the STEM -  HAADF 

image, and (c) is the HIM image. The corresponding intensity profiles are plotted 

adjacent. Each of the imaging techniques displays the graphene flake as a bright 

region on a dark background.

From the intensity profiles it can be seen th a t the edges are not always well defined. 

In the SEM and STEM profiles the edges are somewhat rounded, making it difficult
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F i g u r e  6.6: Three images of the same graphene flake acquired in three different 
tools, (a) SEM in-lens image of a graphene flake. An intensity profile across the 
flake is shown adjacent, (b) STEM -HAADF image of the flake. The intensity 
profile from the same region of the flake is shown adjacent, (c) HIM image 
of the flake, with the intensity profile from the same region also plotted. The 
well-defined flake edges in the HIM intensity profile are indicated by two arrows.

Scale bars are 100 nm.

to identify the exact edge of the flake. The STEM technique does have the highest 

resolution and at a larger magnification the edge could be shown with lattice 

resolution. However, in the HIM profile the edges are bright. This results in a 

small intensity increase at the edge. This peak makes analysing the dimensions 

of the flake trivial in the HIM by measuring the peak to peak distance. The well- 

defined edge contrast in HIM images extends to smaller features than  in low kV 

SEM images[153, 154]. The peak to peak method used here is a simple dimensional 

metrology technique for measuring nanoscale features, and is only available down 

to sub-nanometre features in the HIM. This is due to the enhanced sensitivity of
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secondary electron yield on incidence angle in the HIM.

6.4 Graphene N anoribbon Fabrication

6.4.1 G N R  Experim ent

A thin freestanding flake was located on the TEM grid and four sets of adjacent 15 

nm wide rectangles were milled. Each pair of rectangles was milled at a diff'erent 

angle in order to produce GNRs with various edge orientations. A pixel spacing 

of 0.5 nm and a high dose of He+ (>10^* He"^/cm^) were used.

6.4.2 G N R  Results

The GNRs milled by the HIM are shown in figure 6.7. This figure shows tha t 

with a sufficient dose the graphene can not only be altered structurally, but can 

also be completely removed where required. The geometry fabricated here is just 

one example of how such a material can be altered. Nanopores, or more complex 

geomtries are also possible, with the appropriate beam scan control.

Fabrication is GNRs is not always achieved without issue. The most common 

problems are shown in the HIM images in figure 6.8. In figure 6.8(a) an array of 

six adjacent rectangles were patterned. The resulting structure is th a t of a series 

of parallel carbon deposits. This is the result of a patterning a ttem pt when the 

sample or chamber is not sufficiently clean. In this case the rate of deposition is 

greater than the rate of milling and no ribbons can be produced.

Figures 6.8(b) is an image of a milled cross. Figure 6.8(c) shows the same feature 

after acquiring a single image. It is clear th a t the sample is greatly altered by this 

single image acquisition. This means tha t acquisition of a high quality image of a 

milled feature should be avoided in the HIM.
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50 nm

F i g I ' R E  6.7: HIM image of graphene nanoribbons fabricated in the HIM. The 
eight miUed rectangles were used to produce four GNRs with different edge

orientations.

Figure 6.8(d) shows an area where six adjacent rectangles were milled across the 

width of the graphene. The ribbons were milled in series. When milling nearby 

features one after another the previous area is affected by the fabrication of a new 

feature. The ribbons bend towards the area being patterned by the beam. This 

can be avoided by adopting a suitable scanning strategy, as decribed in section 

3.3.2.1.

Figure 6.8(e) is a 15 nm wide GNR. This ribbon remained intact during the fab

rication process. However, it was exposed to a substantial dose of helium ions as 

images were acquired to position the patterns. Its structure has most likely been 

severely degraded. This could have been avoided by placing the patterns w ithout 

having looked at the sample, or at least by imaging with a substantially lower 

dose.

In this chapter CVD grown graphene and Ram an spectroscopy were used to de

termine th a t a dose of 30 kV helium ions in the range of 10^  ̂ He+/cni^ and below 

produces minimal damage to graphene. Doses above 5x10^^ He'^'/cm^ cause sig

nificant damage to the graphene lattice. The presence of a substrate beneath the
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F i g u r e  6 . 8 :  (a) A ttem pted HIM milling of six rectangles in graphene. Deposi
tion of carbon contam ination was dom inant, (b) and (c) The vertical cut milled 
by HIM (b) was observed to significantly widen (c) by acquiring a single image.
(d) HIM milled rectangles which have broadened after imaging, (e) A single 12 

nm wide graphene nanoribbon isolated over a  trench.

graphene was observed to  enhance the rate of damage.

Chemically exfoliated graphene flakes were then used to find the dose required 

to achieve sub-nanometre (~0.5 nm) resolution in the HIM. A dose on the order 

of 10^  ̂ He'^'/cm^ was required, 200 times greater than  the dose which caused 

significant lattice damage in the Ram an spectroscopy. A non-destructive image 

can be acquired in the HIM, but it must either have a lower signal to noise ratio
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or a lower magnification than our high dose image.

HIM images of a single chemically exfoliated graphene flake were then compared 

with SEM and STEM images of the same flake. The edge of the flake was most 

clearly defined in the HIM image. Samples with nanometre or even sub-nanometre 

dimensions, down to single atom thickness, can be simply and accurately measured 

by helium ion microscopy. The HIM provides highly j)recise material modification, 

both in terms of lateral dimensions, desired dose, and even penetration depth into 

the sample by adjusting the acceleration voltage. This modification has been used 

here to introduce defects into a graphene sample. The doses identified here serve 

as a guideline for safely imaging, or controllably modifying graphene in the HIM.

F’reestanding graphene was used to produce GNRs f5 nm in width. The ribbons 

were patterned with various orientations and represent the flexibility of the pat

terning ca])abilities of the HIM. There are many issues which need to be overcome 

for the fabrication to be successful, some of which have been described. The con

trol of the edge structure enables the jjroduction of nanoribbons with different 

properties, such as semi-metallic or semiconducting in the case of graphene.

The damage produced in graphene by HIM irradiation has been characterised and 

direct patterning was demonstrated. W hat remains to be investigated is the extent 

of the lattice damage which is introduced into the structure of the material within 

the region of a patterned feature. This is of param ount importance as we have 

established in chapter 2 th a t a well defined edge structure is required, for example, 

to produce nanoribbons of graphene with semiconducting behaviour.

In order to characterise the edge structure TEM analysis is required. However, 

even at the lowest achievable energy of 80 keV in our TEM the knock-on threshold 

for edge carbon atoms in graphene is still exceeded[155]. A beam energy of ~50 

keV would be required to minimise the damage. This means th a t our character

isation technique is not capable of investigating the damage extension from the
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edge of a HIM patterned feature in graphene. In the following chapter molybde

num disulfide flakes will be used as they are more stable under the high energy 

electron beam. Patterns will be milled into these flakes by the helium beam and 

the resulting lattice structure surrounding the patterned area will be investigated.



C h a p te r  7

M ill in g  &Z. R e f i l l in g  o f  M 0 S 2  

N a n o f la k e s

In the previous chapter it was shown how defects can be produced in 2D materials 

by helium ion irradiation. This damage was exploited in order to achieve nanoscale 

modification. The complete removal of material by helium ion milling was used 

to fabricate GNRs. Such structures can be used to exploit the effects of quantum 

confinement.

In this chapter we take the knowledge of the helium ion-sample interaction and 

use it to mill flakes of MoS2- It will be shown tha t patterns of arbitrary dimensions 

and orientations can be fabricated in MoS2- The damage extension produced by 

this technique will also be investigated.

Furthermore, the process of introducing carbon into a milled region by beam in

duced deposition will be demonstrated. Unique heterostriictures and heterojunc

tions can be created by this technique. The carbon can subsequently be annealed 

in situ  by the electron beam in the TEM.

101
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7.1 H elium  Ion M illing

7.1.1 M illing D ose C alculation

The dose of hehum  ions required to  mill a region from a single layer of M0 S2 m ust 

be calculated in order to  fabricate nanostructures. A lower dose would only lead 

to  s truc tu ra l dam age, not com plete removal of m aterial. F irst equation 3.10 can 

be used to  find the displacem ent cross sections of bo th  the m olybdenum  and 

sulphur atom s in the M0 S2 sample. T heir relative contributions were added w ith 

a weighting which depends on the atom ic ra tio  of the  two atom ic species, i.e.

T he displacem ent energy. To,  of a sulphur atom  in M0 S2 is 6.9 eV[20]. This value 

was found using D FT  sinuilations and m ay vary som ew hat from the  actual value. 

T he m axim um  transferable energy, T ^ , from a helium ion w ith a kinetic energy

For sulphur M  =  32.06 and Z  =  16. for sulphur was found to  be 11.83 keV. 

The equation for the displacem ent cross-section, ad, was first given in equation 

3.10, it is:

For sulphur this becomes ad, s  =  4.977 x 10 ^^cm^.

For m olybdenum  M  = 95.94, Z  = 42, =  4,613 eV and T^) =  20 eV[20]. The

displacem ent cross-section for m olybdenum  is ad, mo =  3.939 x 10“ ^^cm^.

T he to ta l displacem ent cross section using equation 7.1 is 4.626 x 10“ ^^cm^. Next 

the  areal density of atom s, N x ,  in a layer of M0S2 m ust be calculated. The

(7.1)

of 30 keV to  a sulphur atom  can be found using equation 3.1, reproduced below:

4 M 1 M 2

™ (A/i +  Ahy
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eciuation used was

N x  = — N a x  (7.2)
P

where M  is the rnolar mass, p is the density and  is A vogadro’s num ber. Using 

values of 160.07 g/n io l for A/, 5.060 g/cni^ for p, 6.022x10^^ niol^^ for Na  and 

6 .2 x 1 0 “ ® cm for x  (the thickness of a single layer of MoS2[156]), this becomes 

N x  =  1.181 X 10^®cm~^. The probability of a displacem ent collision occurring is,

P  =  a j N x ,

P  = 5.463 X 10"^®

This is the  probability  of one helium ion removing one cm^ of single layer M 0 S2 . 

W hen a dose of (5.463 x 10~'®)  ̂ He"'‘/cm ^ is used there is a 100% i)robability of 

removing one cm^ of single layer MoS2 - In order to  remove one cm^ of M 0 S2  a 

dose of 1.830x10^® He+/cm'^ is required.

The m ain simplification m ade in this calculation is th a t the cross-section, and thus 

the  probability, does not vary during the irrad iation  process. In reality the partia l 

removal of the M 0 S2 s truc tu re  will lead to  a reduction in the displacem ent energy 

of the Mo and S atom s. This will lead to  a som ew hat reduced dose being required 

to  remove a single layer. The value we have calculated  is the  upper limit of the 

milling dose for single layer M 0 S2 .

A nother simplification which was m ade was th a t there is no difference between 

scanning the  beam  slowly over an area in a single pass, or scanning the  beam  

rapidly over the  sample in several passes. As long as the to ta l dose received by 

the sam ple is the  same the  result is the same. It is known from m any years of FIB 

experim ents th a t th is is not the case[157]. O ur approach is to  scan the  beam  over 

the  sample in one pass. If several passes were used the  beam  would experience a 

modified sample w ith each pass; this is a more com plex situation  which we avoided.
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7.1.2 Ion M illing Experim ent

M0 S2 flakes were prepared by chemical exfoliation. The M0 S2 solution was dropped 

d irectly  onto a TEM  grid. The grid was left to dry in air overnight. The sample 

was then  baked a t ~ 80  °C  for 3 hrs. T he TEM  grid was loaded into an SEM 

stub  designed to  hold TEM  grids. T he surface beneath  the  TEM  grid (several 

m m  below) was a non-conductive carbon layer. The carbon layer has a very low 

SE yield due to  the charging effect; the positively charged surface inhibits the  

escape of negative SEs. T he yield of backscattered ions is also very low for carbon 

(<0.2  %). This ensures th a t the  SE contrast between the flake and the  surround

ing hole is maximised. It also ensures th a t the milling is done by the prim ary 

ion beam , and not the  less localised backscattered ions, resulting in the  highest 

milling resolution.

An appropria te  M0 S2 flake was selected in the HIM. On selecting a flake three 

criteria  were assessed. The flake nnist be thin. It m ust be suspended over a hole 

in the  carbon support film. Finally, it m ust have well defined edges. T he edges 

typically align w ith either zigzag or arm chair structure; this indicator can be used 

to  cut along low order crystal directions.

The helium ion beam  current was set to  0.5 pA. T he probe size was m easured 

before all experim ents and was consistently 0.5 nm  or less. The beam  was scaim ed 

across the surface of the M0 S2 flake w ith a step  size of 0.5 nm. The beam  dwell 

tim e a t each point was set to  1 ms in order to  deliver a to ta l dose of 1.3x10^® 

He'*‘/cm ^ to  the  desired area. An area of 10x100 nm required ~ 5  s to  mill.

T E M  images of the  milled areas, b o th  bright-field TEM , as well HAAD F-STEM , 

were acquired. The TEM  was operated  a t 300 kV throughout the experim ent.



C hapter 7. Mtlling & Refilling of M 0 S2 Nanoflakes 105

7.1,3 R esu lts and A nalysis of Ion M illing

A single M 0 S2 flake can be seen a t the centre of figure 7.1(a). This is a HIM 

image. It was acquired at a low dose, as found in chapter 6, to  minimise beam  

dam age. From this image a p a tte rn  of two adjacent rectangles was aligned on 

the flake and milled. T he dose of 1.3x10^^ He'*" /cm ^ used here was found to  be 

the  lowest dose which could be used to  remove a layer of M0 S2 . T he p a tte rn ed  

flake was show^n in the  TEM  image in figure 7.1(b). This value is very close to  

the  calculated value of 1.83x10^®. This supports the  results of the theoretical 

calculation of the M 0 S2 milling dose. The assum ption th a t the  experim ental dose 

would be lower th a n  the calculated dose due to  the  sim plifications of the  model 

was also confirmed.

Figures 7.1(c) and (d) are HAA D F-STEM  images of the HIM milled rectangles. 

In figiu'e 7.1(c) The brighter area on the  right is thicker, where two flakes overlap. 

T he milling in this area has not comi)leted as the  fabricated struc tu re  is not as 

wide as it is on the  left. This is evidence of th e  thic'kness dependence on th e  

milling. A higher dose is required to  remove the  thicker area. Figure 7.1(d) shows 

the s truc tu re  along the  milled edge of the flake. The edge shows a predom inantly  

zigzag term ination  w ith no observable dam age to  the  la ttice  structu re . A model 

of the hexagonal la ttice is overlaid on tlie image, while the  edge s truc tu re  can be 

clearly seen in the  inset image.

Figure 7.2(a) shows the flexibility of the  milling technique in its ability to  fabricate 

structu res w ith a rb itra ry  orientations. These two rectangles were milled w ith a 

60° ro ta tion  relative to  each other. This allows features w ith zigzag or arm chair 

edges, or a more complex com bination of the  two, to  be produced. One such 

complex edge is shown in figure 7.2(b). The edge can be seen to  rem ain in tact and 

crystalline.

Figure 7.2(c) shows a nanoribbon of M 0 S2 which was isolated on b o th  sides by 

milling w ith helium ions. The ribbon is ju s t 7 nm  in w idth. P artia l am orphisation
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F i g u r e  7 .1 ;  (a) An image of an M0S2 flake suspended on a carbon support film 
acquired in the HIM. (b) The same flake imaged in TEM after heliinn ion milling.
(c) HAADF-STEM of the two milled slots in the flake, (d) High Resolution 
HAADF-STEM of the configuration of the milled edge. It is predominantly

zigzag structure.

was observed on the  left side of the ribbon. The cause of th is dam age could be some 

exposure to  helium ions, or perhaps stra in  was introduced during its isolation. A 

build up of contam ination  m ay also have occurred. Further studies will need to 

be undertaken in order to  fully understand  and perfect the  milling technique.
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F ig u r e  7.2: (a) T E M  image of two HIM milled rectangles with a 60° rotation 
relative to each other, (b) The combined zigzag/armchair structure of an edge 
not cut along a high symmetry direction. Acquired at the region indicated in 

(a), (c) A 7 nni wide M0S2 nanoribbon.

7.1 .4  O u tstan d in g  Issues

C ontam ination is an issue which recjuires careful control. T he environm ent w ithin 

the  TEM  can be well controlled^, however the sample storage conditions also re- 

(jiiire consideration. Figure 7.3(a) is an image of a hole milled w ithin an M 0 S2  flake 

by the  HIM. A fter the milling j)rocess the sample w'as left in air for ~ 3  months. 

Over th is tim e contam inants wdthin the  atm osphere had begun to  fill the  hole.

T he hole in figure 7.3(a) is an exam ple of a relatively large hole a t 55 x 35 nm^. A 

p a tte rn  w ith sm aller dim ensions would be filled w ith contam ination more quickly, 

perhaps even w ithin days. This prevents the imaging of the  edge struc tu re  of 

HIM milled features. T he sample m ust be stored in an evacuated environm ent, 

such as a desiccator, to  minimise this issue. Even more troubling is the  long term  

viability of devices w ith such features. A m ethod of isolating or passivating the 

milled structu res may be required.

Figure 7.3(b) is an exam ple of the deviation of the  shape of the  final milled feature 

^The chamber pressure in the TEM is typically on the order of Pa
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F i g u r e  7 .3 :  (a) Atmospheric contamination partially filling a HIM milled hole 
in MoS2- (b) Rounding of the corners of a shape which was defined to be 
a rectangle was observed, (c) Different scanning strategies provide different 
results. Top:beam scans along length, bottom:beam scans perpendicular to 
length, (d) Partial removal of M0S2 layers from the area highlighted in (c); an

exfoliation process was observed.

from the inpu t pa tte rn . T he black holes in th is image were program m ed to  be rec t

angles, however the  corners have a rounded shape. W hether this is related to  some 

preferential milling direction in the  M 0 S2 crystal will require further experim ents 

to  investigate.

A sim plification of the  milling m odel described earlier in this chapter was th a t 

the  beam  scanning strategy  was not accounted for. In figure 7.3(c) we see a clear 

exam ple of how the  beam  control is an im portan t factor in the milling process. 

B oth of the rectangles were milled w ith the  same dose. Both rectangles were
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even milled in a single pass of the beam. T he only difference was th a t in the top 

rectangle the beam  scanned line by line along the  length of the rectangle whereas 

in the bo ttom  rectangle it was scanned perpendicular to  the rectangle length. In 

the  bo ttom  rectangle the beam  started  on the  right side and moved line by line 

tow ards its finishing point on the  left. In th is case the  top  rectangle appears to 

have been milled more efficiently. In the lower rectangle the  beam  did not fully 

penetra te  the flake until alm ost half way along the  j)attern. This effect is most 

pronoim ced in thicker samples, i.e. more th a n  three layers for MoSg-

Figure 7.3(d) is a higher m agnification of the region highlighted in 7.3(c). A t this 

stage of the  pa ttern ing  the  beam  had yet to  fully penetra te  the  sample. W hat was 

observed was partia l removal of the  M0 S2 layers. This regime of the  milling can be 

considered a ‘beam  exfoliation’ process. It can be seen th a t although strain  and 

dam age are introduced into the rem aining layers, the  crystal s truc tu re  rem ains 

largely in tact. O ptim isation of this process could yield another application for the 

processing of nanom aterials w ith a beam  of helium  ions.

7.2 E-beam  Annealing

After removing a region from an M 0 S2 flake, th a t area can be filled w ith another 

m aterial. The goal in th is section is to  describe the  process of filling th is hole and 

then  annealing the  s truc tu re  of this new m ateria l using the  energy supplied by 

electron beam  irradiation.

7.2.1 Annealing Dose

In order to  illum inate a well defined area of the  sam ple during the  annealing 

process the sm allest available selected area apertu re  was inserted into a conjugate 

image plane. T he beam  current which fiows through th is area can be recorded.
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The area and the beam current can be used to find the total electron dose to which 

the region was exposed. It should be noted tha t this aperture is in a plane which 

is below the sample. The aperture therefore does not physically limit the electron 

irradiation to the area measured, it simply allows an area through which a known 

beam current flows to be defined.

The selected area aperture used in our experiment defined an area with a radius 

of 64 nm on the sample, as measured by the CCD. A beam current of 25.8 nA was 

found to irradiate this area with the typical condenser lens settings. This is equal 

to 1.61 X 10^  ̂ e/s. The area through which this current flows, as defined by the 

selected area aperture, is (7t) ( 6 . 4  x  10~*)^ =  12,868 nm^. This gives a dose rate of 

1.25x 10  ̂ e.nm “^.s“ ^

In our experiment a time of 2,490 s (41.5 min) was used, resulting in a to tal dose 

of 3.1x10^° e/nm^. This is comparable to the dose of 10^° electrons/nm^ used 

by Borrnert et a/.[158] to anneal a thin carbon layer in a TEM. Our sample may 

have recjuired a higher dose due to an increased thickness of the carbon layer in 

our sample. It was decided th a t this annealing time was reasonable so the beam 

current was left at 25.8 nA. The process could be accelerated by increasing the 

current.

7.2.2 A nnealing E xperim ent

The in situ filling material used was carbon. Carbon can be produced by the 

beam induced decomposition of hydrocarbon material. It was found th a t a build 

up of carbon could be avoided during typical TEM imaging sessions. However, 

when carbon is required, as in our case, there are some approaches to enhance 

the deposition rate. Firstly, by imaging the sample when the cold-trap is warm. 

Secondly, shortly (a few mins) after loading the sample the vacuum has yet to 

fully recover from the sample loading process and more contaminants exist within 

the chamber.
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An M 0 S2  flake w ith a hole milled by the HIM was located in the TEM . The flake 

was left in the  fleld of view under parallel illum ination at 300 kV for 10 min. The 

hole was observed to  fill com pletely during this time. An EDX map^ was acquired 

to  confirm  th e  presence of carbon in the HIM milled hole.

The acceleration voltage was then  switched to  80 kV for the annealing of the 

carbon. This was necessary in order to  minimise the removal of carbon atom s 

from the  newly filled region due to  knock-on dam age. A bright field TEM  image 

was acquired at 80 kV after the annealing process in order to  observe the modified

s truc tu re  of the carbon filled region. Further imaging or analysis a t 300 kV was

avoided to  nunim ise dam age to  the newly-formed carbon structure.

7.2.3 R esu lts and A nalysis o f A nnealing

Figure 7.4(a) is a HAADF-STEM  image of an M 0 S2  flake w ith three separate 

rectangles nulled in the  HIM. The rectangle on the  right hand  side (outlined) was 

selected for the  annealing experim ent. Figure 7.4(b) is a bright field image which 

was accjuired when conditions were optim al for deposition of contam ination. The 

carbon was filled into the  hole at the s ta rt of the experim ent. Figure 7.4(b) shows 

the  am orphous struc tu re  of th is m aterial before the annealing process.

EDX m aps describing the d istribution  of Mo, S and C in the  region of the  hole are 

shown in figures 7.4(c), (d) and (e) respectively. These m aps confirm th a t carbon 

is indeed the  element present in the HIM fabricated hole w ithin the M 0 S2 flake.

The final image, shown in figure 7.4(f), was acqiured a t the same region as figure 

7.4(b). A fter the  annealing process it can clearly be seen th a t a change in the 

s truc tu re  of th e  carbon occurred. P artia l graphitization  of the carbon was ob

served. W ith  further optim isation the degree of crystallisation could most likely 

be improved.

^Aii acquisition time of 3 s per point wais used to achieve a reasonable signal.
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F i g u r e  7.4: (a) An image of an M 0 S2 flake acquired in HAADF-STEM  mode.
(b) The area highlighted in (a) after beam-induced filling with amorphous car
bon. (c) -  (e) EDX maps of the m olybdenum, sulphur and carbon distributions 
around hole highlighted in (a), (f) HR-TEM  image of the carbon structu re  after

annealing.

It is w orth noting th a t the  s truc tu re  of the  carbon appears to  follow the  edge of the 

M0S2 flake. This is particu larly  evident in the right hand corner of figure 7.4 (f). 

The aligning, or relative misaligning, of th e  carbon and M0S2 structures could be 

used to  ta ilor the  properties of the  heterojunction.

T he fabrication of nanostructures w ithin 2D flakes of M0S2 was dem onstrated  

in this chapter. Edges term inated  w ith  a zigzag or more complex s truc tu re  were 

shown. Ribbons of m aterial w ith w idths of 7 nm  were also shown. This process can 

easily be applied to  any of the  family of the  2D m aterials, we have dem onstrated  

th is technique on graphene also. T he analysis of the edge structu re  of graphene 

requires low voltage TEM  w ith spherical aberration  correction. This is required
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to  avoid edge dam age and also to  resolve single atom s a t the edge.

A nother issue is th a t of contam ination. As outlined in this chapter contam ination 

can either be avoided or exploited by careful consideration of the sample envi

ronm ent. In this case contam ination was used to  deposit a carbon layer into a 

nanostructu red  M0S2 flake. The contam ination was then  annealed and imaged, 

all in the  same session. T he annealing was observed to  change the  s truc tu re  of the 

carbon w ithin the  M0S2 flake. This resulted in a imique heterostructure  which 

can be tuned in order to  modify its properties.

Further work could even be done to  introduce different m aterials into these struc

tures. U ltim ately a broad range of m aterials system s, w ith more complex geome

tries, coifld be produced by th is m ethod. In the  next chapter the  m odiflcation 

capabilities of HIM irrad iation  will be extended to  a 3D sample.
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Chapter 8

3D Sample M odification W ith  

Focused Ion Beams

In the previous chapter the removal of m aterial from M 0 S2 flakes w ith nanoscale 

precision was dem onstrated. The helivnn ion beam  used introduces minim al dam 

age to  the  s truc tu re  of the m aterial w ithin the direct vicinity of the modification. 

In th is chaj)ter He"*" beam  modification will be extended to  3D samples. It will 

also be com pared to  3D sam ple m odification w ith the  conventional Ga+ FIB. A p

plications of this technique will be described.

G enerally speaking, energetic ions, b o th  broad and focused beam s, are widely 

used to  modify the  physical and chemical properties of the  surface of m aterials 

w ith  a high degree of control. They can be used to  modify and control a m ateria l’s 

optical[159], electrical[160], magnetic[161] and mechanical[162] properties. In par

ticular, the gallium ion beam  of a FIB microscope has been used for applications 

in a range of fields including biology[163], geology[164], m aterials science[165, 166] 

and the sem iconductor in d u stry [167], where m icro /nano  scale m odification is de

m anded.

One common use of the  FIB is in the  preparation  of th in  sections of m aterial, or 

lamellas, for TEM  analysis. This can be achieved by the  lift-out technicjue (the

115
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conventional cross section lift-out is described in appendix C). In the first part 

of this chapter a new lift-out approach, the extraction of a plan view lamella by 

the Ga"*" FIB, will be described. The added information obtained by this lamella 

will be made evident by comparison with a cross section lamella from the same 

sample.

While the FIB has been adopted for many uses it is not without its limitations. 

The FIB uses gallium, a metallic element which is often considered a contaminant. 

The large momentum of the gallium ions in the FIB can have a very destructive 

effect on materials, greatly altering their crystal structure. The probe size of the 

FIB is limited by the energy spread of the gallium ions generated from the Licjuid 

Metal Ion Source (LMIS). The sputter yield is also too large for acute patterning 

control over very short lateral distances. The probe of helium ions used in the 

helium ion microscope can be used to overcome these limitations. Helium ions 

have a lower mass and are therefore less destructive than gallium ions, they also 

do not contam inate the sample surface with metal ions.

In the second part of this cha])ter the interaction of a helium ion beam within a 

3D sample will be studied. The HIM will be used to modify a Si lamella. Silicon 

was used as it is a well characterised material and is of fundamental importance to 

the semiconductor industry. We intend to develop a HIM based lamella polishing 

technique for high quality TEM characterisation.

The trajectory of the helium ions and their effect on the structure of the silicon 

sample will be studied. A range of techniques such as EDX, EFTEM  and EELS 

will be used to characterise the sample modification process. The limitations of 

this technique will also be discussed.
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8.1 FIB Preparation  o f TEM  Lam ellae

In this section the  plan view FIB in situ  lift-out technique will be dem onstrated  

on a system  consisting of Ag and Co nanoparticle arrays previously deposited on 

an optically transparen t substra te  (Al2 0 3 )[1 6 8 ].

The sample was prepared as described in references [169-171]. The SEM image in 

figure 8.1 shows the  surface morphology of the sample. T he individual particles 

can be seen bu t their com position cannot be identified. F urther analysis in TEM  

was required to  determ ine the  d istribu tion  of the two different m aterials on the  

sami)le. In order to  protect the sample surface before FIB milling a th in  gold 

coating would usually be spu tte red  on to  the surface of the  sample. However, the 

similar atom ic masses of the gold coating and the deposited silver would lead to 

poor image contrast. Instead the  surface w'as protected  by coating the sample w ith 

a 75 mil layer of carbon using a Cressington 108 carb o n /A  carbon coater. A 5 nni 

layer of gold was deposited on top  of the carbon layer in a Cressington 108 auto 

sp u tte r coater.

A cross-section lam ella was first ex tracted  from the sample, as outlined in appendix 

C. This is the  typical viewing direction afforded by a  FIB lift-out. A cross-section 

view is perpendicular to  the  plan view shown in figure 8 .1 .

8.1.1 P lan View Lift-Out

During the FIB fabrication the sample needs to be tilted  relative to  the electron 

and Ga"’' beam s. The sam ple was brought to  the eucentric height, at which the 

tilt plane is on the sample surface, tilting  therefore doesn’t  cause the  sample to 

shift laterally. A 5 mm working distance was used. T he electron and ion beam s 

were aligned to  co-iiicidence on the sam ple surface. A protective p latinum  layer 

was deposited on a larger area (com pared to  the cross-section procedure) of 5 x 9
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F i g u r e  8.1: SEM image of the cobalt and silver nanoparticles deposited on a
stepped sapphire substrate.

mm to protect the surface area for TEM analysis. 100 nm was first deposited by 

the e-beam, a further 1 fim  was deposited by the Ga"'" beam.

An illustration of the milling geometry adopted in the next steps is shown in figure 

8.2(a). A trench was milled either side of the protected region. Critically the ion 

beam was at 52° to the surface normal, as o])posed to 0° in the cross-section 

technique, in order to cut under the region. The beam current used was 10 nA 

and the milling time allowed for each trench was 15 min. The sample was then 

tilted 15° such tha t the ion beam was at 67° to the surface normal. A 10 nA beam 

was used to mill each side of the protected region for a further 5 min in order to 

ensure the sample was fully under cut. The sample was eventually milled to the 

wedge shape shown in figure 8.2(b). One final trench was milled with a 10 nA 

beam for 10 min to free one side of the sample from the substrate, and also to 

verify undercutting had completed successfully.

A micromanipulator needle was brought in to contact with the free side of the
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F i g u r e  8.2: (a) Illustration of the ion beam angles used to undercut a wedge 
of material from the sample surface, (b) The wedge of material (coated with 
platinum) after undercutting, (c) Onuiiprobe TEM lift-out grid mounted hor
izontally on carbon taj)e on an SEM stub, (d) The bottom of the wedge of 
material after lift-out and transfer to the TEM grid, (e) The top of the wedge, 
the opposite side to (d). (f) The final lamella with a region thinned for TEM

analysis.

sample and fixed with i)latinum, the sample was then cut free from the substrate. 

This time the sample was transferred to an Omniprobe TEM lift-out grid which 

was mounted horizontally on the sami)le holder. This was achieved by over hanging 

the grid over the edge of carbon tape, as shown in figure 8.2(c). The sample was 

affixed to the grid with platinum and the micro-manipulator needle was cut free. 

The grid was then unloaded from the microscope and mounted in the usual vertical 

position as shown in figure C .l(c).

The sample was thinned on the side with the wedge shape (the side observed in 

figure 8.2(d)) with a 200 pA ion beam in order to make the front and rear sides 

of the lamella parallel. A 20 pA beam was used to further thin this side until 

the nanoparticles could be observed with the electron beam. The rear side of the 

sample (observed in figure 8.2(e)) was thinned with a 20 pA beam until the sample 

was observed to be electron transparent at an electron beam energy of 5 keV, an
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indication th a t the  sam ple is th in  enough for TEM  analysis. Finally a 5 keV ion 

beam  energy a t a beam  curren t of 20 pA was used to  reduce the FIB induced 

dam age on the  sample. T he finished sample is shown in figure 8.2(f). The sample 

was plasm a cleaned for 3 min before insertion into the  TEM .

8.1.2 Cross Section  vs. P lan V iew  R esults

An overview of the cross section TEM  lam ella is shown in figure 8.3(a). In the 

TEM  analysis of the  sam ple prepared in cross section view the location of the  

nanoparticles can be clearly identified, as seen in the HAADF image in figure 

8.3(b). The nanoparticles have high contrast w ith the surrounding carbon which 

we deposited on the  sample. The AI2 O 3  substra te  was tilted  on to  the [210] zone 

axis (see insetin figure 8.3(a)) before imaging. A high m agnification bright field 

TEM  image of a particle on the su bstra te  step  is shown in figtire 8.3(c).

One of the problem s TE M  was required to  solve is the  d istribu tion  of the  cobalt 

and silver on the  sample. EDX m apping was used to  analyse the d istribu tion  of 

the  concentrations of each element. A pseudo coloured elem ental colour m ap was 

generated to  illustrate  the  results, shown in ftgure 8.3(d) (top right). From this 

m ap the  cobalt and silver appeared  to  have come together to  form a com posite 

particle. There was very little  separation between the  locations of cobalt and  silver 

in th is viewing direction, suggesting close proxim ity between the  two m aterials 

deposited on the  steps of the  substrate . Critically, in this viewing direction the 

sample orientation is such th a t a projection of approxim ately 2 to  3 nanoparticles 

was observed; inform ation about an individual nanoparticle cannot be obtained 

from th is sample.

W hen im aged in plan view, rows of individual nanoparticles were observed (see 

figure 8.4) and the  num ber of particles observable was greatly increased over the  

cross section view, thus allowing for much greater sam pling using a single lamella. 

The contrast between th e  particles and the surrounding m aterial is high as shown
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F i g u r e  8.3: (a) Bright field TEM image of an overview of the cross section 
lamella, inset is the diffraction pattern from the substrate showing a [210] zone 
axis, (b) HAADF image of the region indicated in (a). The nanoparticles (NPs) 
are observed at the steps of the substrate, (c) High magnification image of a 
nanoparticle on a sapphire step, (d) Top left: HAADF image of a nanoparticle. 
Top right: Elemental colour map of the distribution of silver (cyan) and cobalt 
(red). Bottom left and bottom right: individual maps of the silver and cobalt

locations, respectively.

in the bright field TEM image in figure 8.4(a) and the HAADF image in figure 

8.4(b). A high magnification bright field TEM image is shown in figure 8.4(c).

We note tha t, due to this new viewing direction, EDX mapping can be used to 

observe the precise distribution of cobalt and silver on the sample, without the 

complication of multiple nanoparticles overlapping. The EDX map is shown in 

the second image in figure 8.4(d). This map shows a clear spatial separation 

between the two elements deposited on our sample. This information gives a clear 

understanding of the distribution of the deposited elements on the sample, thus
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9Hi1 B
F igure  8.4: (a) Bright field TEM image of an overview of the plan view lamella.
(b) HAADF image of the nanoparticle array, (c) High magnification image of 
individual nanoparticles, (d) First image: HAADF image of nanoparticles. 
Second image: Elem ental colour m ap of the distribution of silver (cyan) and 
cobalt (red). Third and fourth images: individual m aps of the silver and cobalt

locations, respectively.

revealing the exact location of each nanoparticle. This TEM measurement can 

help to establish the origin of any coupling effect between the magnetic Co and 

the plasmonic Ag nanoparticles.



Chapter 8. 3D Sample Modification With Focused Ion Beams 123

8.2 HIM M odification of Silicon Lamella

In order to demonstrate the advantages of HIM modification the in-situ  FIB hft- 

ont technique was used to prepare a lamella of silicon (see appendix C). The 

final lamella is shown in figure 8.5(a). The sample, sample 1 (see table 8.1), was 

plasma cleaned for 3 min in a Fischione model 1020 plasma cleaner to further 

reduce contamination before TEM analysis.

The TEM grid with the silicon lamella was then loaded into the HIM. The lamella 

was loaded with the normal of the sidewall surface perpendicular to the ion beam, 

the sample was then tilted 1° into the beam. This geometry has been shown 

to produce surfaces with minimal damage and im plantation layer thickness and 

reduced surface roughness during ion milling[l72].

A focused beam of 35 keV helium ions was scanned over a 500 nm w'ide region 

of the lamella sidew'all. This step was conducted a number of times in adjacent 

regions in order to optimize the dose. The area used in our analysis was exposed 

to a dose of 3.4x10^® He'^'/cm^. The beam current used was 1.2 pA. The beam 

was rastered in a single scan over the area with a pixel spacing of 1 nm and a 

dwell time at each point of 1.3 ms. The sample was rotated through 180° and the 

process was repeated on the opposite sidewall. The scanning time per sidewall 

was 68 seconds.

A second silicon sample, sample 2, was also produced by the in-situ  FIB lift-out 

technique. An additional final step was performed in the FIB. A 5 keV gallium 

beam energy at a beam current of 20 pA was scanned at 2° relative to the sidewall 

of the sample on either side for one minute each side in order to minimise sample 

damage.

This sample was loaded into the HIM in the same upright manner. This sample 

sidewall was tilted 15° to the beam and a 300x200 nm area was exposed to a dose 

of 6.2x10^* He^/cm^. The beam current used was 3.4 pA. The beam was rastered
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in a single scan over the area with a pixel spacing of 0.7 nm and a dwell time at each 

point of 5 ms. The to tal scanning time was 612 seconds. This process produced a 

hole straight through the lamella. The purpose of this exposure geometry was to 

produce a wedge shape of silicon within the lamella so th a t we could observe the 

minimum thickness dimensions which can be fabricated by HIM. It also allows us 

to analyze the subsurface modification effects due to helium ion implantation. All 

helium ion patterning was performed with the integrated pattern  generator on the 

tool.

A summary of the treatm ent processes employed in the preparation of the two Si 

samples is given in table 8.1.

Si sam ple FIB  treatm en t H IM  treatm ent
Sample 1 30 keV Ga+ mill 35 keV He+ i)olish @ 1° (on 

both sides)
Sample 2 30 keV Ga+ mill & 5 keV Ga+ 

polish
35 keV He+ mill @ 15°

Table  8.1: The preparation m ethods used on the two different silicon samples.

8.2.1 R esults and Analysis o f Silicon M odification

Figure 8.5(a) is an SEM image of sample 1. It shows the silicon lamella after 

FIB lift-out and thinning. Figure 8.5(b) shows the STEM-HAADF image of the 

lamella after HIM modification. The three dark vertical grooves indicate the areas 

modified in the HIM. In figure 8.5(b) one effect of the helium ion modification 

process is clear; m aterial is selectively removed from the sample sidewalls.

The thickness map of the modified area is shown in figure 8.5(c). From this map 

we can calculate thickness values based on the mean free path, A, of a 300 keV 

electron in silicon (A =  180 nm)[173]. The arrows on the image indicate the 

regions from which the integrated intensity profiles were plotted in figure 8.5(d). 

The dashed red line is from a region prepared by gallium ions only. The solid blue
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line is from the helivmi ion modified area. The profiles both  show an increase in 

thickness with increasing distance from the top of the lamella, indicating that the 

sample has a wedge shape. This shape is typical of FIB prepared samples. The 

increase in thickness is more gradual and noticeably smoother after helium ion 

modification. The modified area was observed to be consistently thinner than  the 

unmodified region. The helium ion beam is therefore removing material from the 

sidewall of the sample while also leaving the surface smoother.

Figure 8.5(e) shows the EFTEM  gallium map of the region. The areas of higher 

intensity in this map have a greater concentration of gallium contamination. The 

solid red arrow indicates the region from which the integrated intensity profile 

in figure 8.5(f) was plotted. The solid white line is below the FIB prepared ar

eas, while the dashed green line is beneath the areas further modified by helium 

ions. In figure 8.5(f) the intensity profile from figure 8.5(e) was plotted with the 

corresponding ion beam used to mofiify the area indicated below. This graph 

clearly shows a significant reduction in gallium contam ination implanted by the 

FIB lift-out process. Typically around a 32 % reduction in gallium concentration 

was achieved by HIM modification. This reduction occurs due to the sputtering 

of material from the Ga'*" implanted sample sidewall.

HRTEM was performed on the HIM modified grooves and the unmodified sidewalls 

to afford further insight into the material modification. Figures 8.6(a) and (b) 

are the HRTEM image of the unmodified region of silicon and its corresponding 

Selected Area Electron Diffraction (SAED) pattern  respectively. Figures 8.6(c) 

and (d) are the HRTEM image of the HIM modified region of the sample and the 

corresponding SAED pattern  respectively. Figure 8.6(a) displays a noisy HRTEM 

image when compared with tha t of figure 8.6(c) from the HIM modified region of 

the sample. The inset Fast Fourier Transform (EFT) of the images also show the 

increase in high freciuency information attained from the modified region. The 

uniform background contrast of the modified area indicates tha t it has a more 

uniform thickness. These images indicate tha t the FIB induced amorphous layer
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F i g u r e  8.5: (a) SEM image of the silicon lamella after FIB preparation, (b) 
STEM HAADF image of the sample after three separate areas (observed as 
three vertical dark streaks) were modified by helimn ions, (c) Thickness map 
of the modified area. The dashed red arrow is on an unmodified area of silicon. 
The solid blue arrow is on a HIM modified area, (d) The intensity profiles of 
the arrows from (c) are plotted, with the thickness calibrated, (e) EFTEM 
map indicating the distribution and concentration of gallium. The solid red 
arrow indicates the area from which (f) is plotted. The areas above the solid 
lines marked FIB have not been modified with helium ions, the areas above the 
dashed line marked HIM have been modified with helium ions. The integrated 
intensity profile from the arrow in (e) is plotted with the ion beam used to 

modify the region indicated below.
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F i g u r e  8 . 6 :  (a) HRTEM and (b) diffraction information from Ga+ finished 
region, (c) HRTEM and (d) diffraction inform ation from helium modified re
gion. The area between the two circles in (d) shows the ex tra  diffractions spots

recorded after HIM modification.

of material on the sample, which contributes only noise, was reduced by HIM 

modification.

Similarly, the SAED pattern  in figure 8.6(b) shows less information than th a t 

in figure 8.6(d). The extended high frequency information is rei)resented in the 

diffraction pattern  in figure 8.6(d) by the points which lie between the two circles. 

The diffraction spots which are furthest from the centre of the image represent 

the highest spatial frequencies. The diffraction pattern  recorded from the HIM 

modified region in figure 8.6(d) indicates tha t this area of the sample is thinner, 

while still retaining its high quality crystalline structure. The diffraction patterns 

show tha t the sample was tilted to [Oil].

This analysis of sample 1 clearly shows th a t HIM modification of a FIB prepared 

TEM lamella can be used to further reduce sample thickness while removing con

tam ination and also retaining the crystallinity of the material.
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In sample 1 a lamella finished only with 30 keV gallium ions in the FIB was 

used. A lower energy gallium ion beam can be used to produce lamellas with 

significantly less FIB induced damage[174]. FIBs with low energy capability have 

become more widely available over the past few years. We prepared the silicon 

lamella in sample 2 with a 5 keV gallium ion beam final polish in order to reduce 

FIB induced artefacts which would obscure our analysis of the patterning and 

subsurface modification effects of the HIM modification.

Sample 2 is shown after FIB lift-out in the SEM image in figure 8.7(a). The 

sample has uniform contrast. At 5 keV the average penetration depth of electrons 

in silicon is ~200 nm. For this 100 nm thick sample the secondary electron image 

shows the thickness variation across the lamella. The sample can therefore be 

seen to have a uniform thickness. Figure 8.7(b) is an image of the sample in the 

HIM. This is the sample before HIM milling, the surface is smooth and uniform. 

Figure 8.7(c) shows the sample after HIM irradiation. A hole can now be seen in 

the sample due to the HIM milling process. There is also a bulge in the sample 

beneath this hole. Figure 8.7(d) is an illustration of the beam-sample geometry 

used to modify the sample in the HIM. The sample sidewall was inclined 15° to  the 

beam. This geometry was used in order to mill a wedge shape within the lamella 

in order to observe the minimum thickness dimensions which can be fabricated by 

HIM. This geometry also shows the extended effects of the modification process 

as the distribution of the ions within the sample can be observed.

Figure 8.8(a) is a bright field TEM image of the area of the sample after controlled 

sidewall modification by helium ion irradiation. Figure 8.8(b) is a HAADF image 

of the same area. A rectangular hole was observed at the centre of the image, this 

was fabricated due to the high dose used. Below this hole is a circular region with 

rapid variations in contrast. This circular area has been heavily modified by the 

HIM.

Figure 8.9 is a thickness map of the area. Below this map is the integrated in

tensity profile of the area indicated by the solid red arrow on the thickness map.
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F i g u r e  8.7: (a) SEM image of the silicon lam ella (sample 2) after FIB lift- 
out. (b) HIM image of the sample, (c) HIM image of the sample after the 
modification process, (d) An illustration of the  beam-sam ple geometry used to

modify the sample in the  HIM.

This profile shows the sloping thickness of the wedge fabricated by hehuni ion 

irradiation, followed by the hole where the beam penetrated the lamella. Finally, 

the circular feature is observed to have rapidly varying thickness. The hole has a 

non-zero thickness due to the limitations of the thickness mapping process, such 

as its tendency to overestimate the thickness of very thin areas[175].

It is well known that helium ion irradiation, with an appropriate beam energy, 

can produce helium bubbles beneath the surface of a sample[176]. In this case 

the centre of the circular feature is approximately at the mean implantation depth 

of 35 keV hehum ions in silicon, 318 nm (SRIM)[122]. This is made clear by 

the SRIM simulation image inset in figure 8.8(b) showing the distribution of 35 

keV helium ions in silicon; this simulation has the same scale as the image and 

correlates well with our experimental data.

W hat we observe in this region is the im plantation of hehum ions, where the 

incident heliTun ions have been scattered by the silicon and have come to rest
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F i g u r e  8.8: (a) Bright field TEM image of the area modified by heHiim ions.
(b) HAADF image of the modified area. I shows the location of the wedge shape 
and II shows the circular area with bubbles. Inset is a SRIM sinmlation of 35 

keV helivun ions in silicon with the same scale as the image.

within the sample. These implanted ions then lead to the formation of bubbles 

beneath the surface which stretch and distort the silicon. The contrast observed 

corresponds to regions where helium bubbles have formed and silicon has been 

displaced. The swelling of this region is also apparent from the HIM image in 

figure 8.7(c).

At this point the morphological changes induced by a high dose of HIM irradiation 

on sample 2 have been described. We then investigated the effect of the HIM 

modification on the structure of the sihcon. Figure 8.10(a) is a graph of the EELS 

spectra recorded from three different locations on the sample. The black solid 

line at the top was recorded at a region which was not modified by helium ion 

irradiation. The red dashed line in the middle was recorded from the wedge shape 

region fabricated by helium ion irradiation (marked I in figure 8.8(b)). And finally
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F igurf: 8.9: Thickness map of the modified region. The arrow indicates the 
area along which the integrated intensity j>rofile below tlie image is plotted.

the blue dotted line at the bottom  was recorded at the circular feature (marked 

II in figure 8.8(b)).

During analysis of the near-edge structure (ELNES) of the three EELS spectra in 

figure 8.10(a) (spectra are offset for clarity) the intensity of the first peak in the 

sj)ectra at 99 eV (the pre-peak) was observed to degrade from the top spectrum to 

the bottom . We compared our data to the spectra for crystalline and amorphous 

silicon from a database[177]. The spectra from the database are shown in figure 

8.10(b). The intensity of the pre-peak at 99 eV is used as an indication of the 

crystallinity of the silicon. A higher intensity indicates more crystallinity in tha t 

area, a lower intensity corresponds to an area which is more amorphous[178].

The top spectrum  in our data  corresponds to an area of high crystallinity, as 

indicated by the presence of the pre-peak in this region of the spectrum. The 

position of the pre-peaks are shown in figure 8.10(a) by small red arrows. This 

resuh was to be expected as the spectrum was recorded at a region unmodified 

by helium ions. However, the spectnm i from the wedge shape area fabricated
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F ig u r e  8.10; (a) EELS spectra of an unmodified area of silicon (solid black 
line), the HIM fabricated wedge marked I in figure 8.8(b) (dashed red line) and 
the circular featured marked II in figure 8.8(b) (dotted blue line). The red 
arrows indicate the position of the Si pre-peak, (b) EELS spectra of crystalline 
(top) and amorphous (bottom) silicon taken from the database in reference[177]. 
(c) HRTEM image of the wedge shaped area (I in figure 8.8(b)) and FFT inset, 

(d) HRTEM of the circular feature (II in figure 8.8(b)).

by the HIM (marked I in figure 8.8(b)) shows a high degree of amorphisation as 

the intensity of the pre-peak at 99 eV is greatly reduced. The spectrum from 

the area of the sample containing the bubbles (marked II in figure 8.8(b)) shows 

an area which is even more amorphous again as the pre-peak intensity has been 

further reduced. Another factor which will reduce the crystallinity measured is 

the sample thickness. As the sample gets thinner the amorphous layer remains 

the same thickness and the crystal region reduces in thickness. The proportion of 

amorphous to crystalline material therefore increases with decreasing thickness.

Figure 8.10(c) is a HRTEM image from the wedge area (marked I in figure 8.8(b)) 

with an inset FF T  of the image. This image shows only amorphous material
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is present at this location. Figure 8.10(d) is a HRTEIM image of the area with 

the circular feature (marked II in figure 8.8(b)). This image shows the presence of 

circles created by the growth of helium bubbles. No crystal structure was observed 

in this region either.

It was observed that a high dose of HIM irradiation on sample 2 was used to 

fabricate a smooth wedge of material on a TEM lamella with minimum thickness 

dimensions of just a few tens of nanometres. This thickness may even be less 

than our thickness map indicates as significant errors may be present in the map

ping process for very thin samples due to surface excitations, which can lead to 

overestimation of the thickness in this region[175]. The lateral dimensions of the 

I)attern can also be tailored with a high degree of precision. The EELS si)ectra and 

HRTEM from the HIM modified areas show that the wedge fabrication process 

caused significant amorphisation of the sample in tha t region. The beam particles 

were also observed to implant in the sample below the wedge causing bubbles to 

form in the material, again resulting in significant amorphization of the silicon, as 

observed by EELS and HRTEM.

In the first part of this chapter the high level of control of a m aterial’s geome

try  by FIB was demonstrated. Cross sectional TEM analysis using FIB sample 

preparation is an invaluable microscopy technique for the characterisation of solid 

samples. The in situ FIB lift-out technique provides reproducible sample fabrica

tion with high quality, good throughput, site-specificity, thickness control, sample 

dimension control, and a high sample yield. Critically, the orientation of the FIB 

prepared sample has typically been limited to a cross sectional view and may not 

provide sufficient information about the sample regardless of the TEM analysis 

technique employed.

An in situ lift-out for plan view TEM samples has been dem onstrated to provide 

information beyond that observed in a conventional cross sectional sample. The
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self-assembled nanoparticle arrays on the stepped template, investigated herein, is 

just one sample type which benefits from plan view TEM. Plan view TEM analysis 

can potentially be of great interest for a wide range of samples such as: sub 10 

nm featured wire[179] and dot arrays[180] fabricated using block copolymer tech

niques, nanowires, nano-contacts, and a large variety of structures and geometries 

patterned using top down lithography[181]. This will lead to higher resolution 

imaging and enhanced understanding and control of these physical systems.

In the second part of the chapter it was demonstrated, using sample 1, tha t a 

focused helium ion beam can modify a surface’s physical properties, such as crys- 

tallinity, roughness and thickness, in a controlled manner. The helium ion beam 

is non-contaminating and can even be used to selectively remove surface contam

inants, such as the gallium contam ination removal dem onstrated here.

It has also been shown, using sample 2, th a t a finely focused beam of heliinn ions 

can sputter m aterial from a sample with a high level of control, allowing sub 10 nm 

features to be patterned. This high dose irradiation can also be used to modify the 

structure of a material, as dem onstrated by our EELS and HRTEM results. Helium 

ion irradiation is a widely studied field in nuclear physics. Helium ion irradiation 

has been used to modify mechanical[182], optical[176] and magnetic[183] properties 

of surfaces. The highly focused probe of the helium ion microscope provides a 

greater level of spatial control than  previously available for such experiments.

These results clearly show the effect of the beam-sample interaction process. This 

chapter has defined some issues which are not present during the processing of 

2D materials such as the beam broadening and helium bubble formation within 

the sample. This knowledge is required to further progress to the well controlled 

processing of 3D materials.



Chapter 9

Conclusion &Z, Future Work

W ithin tliis thesis the suitabihty of a range of charged particle beams to the 

modification of various materials has been demonstrated. The advantages of using 

electron and ion beams is the high level of spatial, as well as dose, control.

A low-energy electron beam in the presence of a nitrogen atmosphere was be used 

to remove carbon atoms from a graphene lattice. This effect was confined to 

within a few tens of nanometres of the beam location on the sample. Nanopores 

with a diameter of < 10 nm were fabricated. A high density of these pores can be 

fabricated in order to remove larger areas of material. A model was also developed 

to describe this etching method.

For a more controlled approach a beam of ions can be used to directly modify and 

mill a material. Raman spectroscopy was used to find the relationship between the 

dose of He+ and the damage introduced into graphene’s structure. Doses above 

5x10^"^ He"*"/cm  ̂ were found to cause significant damage to the graphene lattice. 

The presence of a substrate beneath the graphene was observed to enhance the rate 

of damage. High magnification images exploiting the sub-nanometre resolution of 

the HIM were found to introduce significant damage to the graphene structure.
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Freestanding graphene was used to produce GNRs 15 nm in width. The ribbons 

w'ere patterned with various orientations and represent the flexibihty of the pat

terning capabiUties of the HIM. This milling capability was also dem onstrated on 

M0 S2 . The M0 S2 flakes were analysed by high-resolution STEM to determine the 

extension of the damage from the milled edge. It was found tha t zigzag edges with 

no observable damage could be fabricated.

An electron beam was used to deposit carbon in a hole milled by HIM in an 

M0 S2 flake. Further e-beam exposure caused partial annealing of the carbon 

structure. This fabrication technique enables the j)roduction of heterojunctions 

with unique properties.

The ion beam modification was then extended to 3D samples. A gallium ion 

beam was first used to demonstrate the arbitrary geometries into which materials 

can be patterned. A thin section of m aterial was extracted from a sample to 

dem onstrate the application of the technicjue to TEM sample preparation. The 

gallium ion beam can be used to extract not just the typical cross-section samples 

but also more complex sections such as plan view. A beam of helium ions was 

then used to afford further control of the thickness and quality of the lamella. 

Damage introduced by the aggressive milling of the gallium ion beam was reduced 

by exposure to the helium ions.

The electron, gallium ion and helium ion beams used herein were shown to provide 

the control required to tune the properties and geometry of both 2D and 3D 

materials.

The techniques developed in this work have been shown to provide a high level of 

control of the material systems investigated. Further work based on these results 

can lead to many new discoveries and applications. Examples of directions which 

may be taken to build on this work are given below.
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An attem pt to control the rate of the electron beam etching of graphene by chang

ing the sample tem perature was made. This could lead to a better understanding 

of the mechanism occurring. However, a change in etching rate due to a change 

in tem perature was not observed. Perhaps with a greater tem perature range an 

effect could be observed and studied systematically, the experiment in this work 

was limited to -25 -  -1-50°. It could then be incorporated into the model in chapter 

5. The electron beam etching, as seen with graphene, was not dem onstrated on 

any other materials. A suitable reaction between nitrogen and M0 S2  may not ex

ist. O ther materials such as MoSe2 , MoTe2  or BN could be investigated. As well 

as trying a range of materials, the gas species in the chamber could also be varied. 

A more reactive species may result in more efficient etching. This technique could 

be used to create porous 2D materials for filtration[3] or hydrogen storage[4].

The damage i)roduction rate as a fmiction of helium ion dose was established for 

graphene. This relationship can be found for other materials such as MoS2 - The 

ability to tune the structure of 2D materials can provide a means to tailor their 

electrical properties. In situ electrical characterisation during the ion irradiation 

can be used to confirm this effect. Devices with a specific electrical response could 

tfien be produced.

The milling of structures within graphene by HIM was preliminarily investigated. 

Fabrication of GNRs was achieved. Low-energy, aberration-corrected TEM or 

STEM is required to observe the extension of the damage created due to the 

milling. Electrical characterisation is also required in order to determine if a band 

gap was opened. A band gap in graphene is a very desirable feature required for 

switching operations. Graphene can be operated at very high frequencies due to its 

carrier mobility[55], if this could be coupled with a high on/off ratio (>10“^[10]) 

then it would be a strong contender for replacing silicon in semiconductor devices.

Milling of M0 S2  flakes was also dem onstrated with a focused helium ion beam. The 

initial results show th a t the edges of the milled structures can be produced without 

observable structural damage. However, this was not always the case. It will need
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to  be investigated w hether it is th e  instability  of the beam  in the  HIM due to  

environm ental influences, or the  edge reactiv ity  of the sample after milling, or even 

the  beam -induced dam age in th e  TEM  which causes the inconsistencies observed 

in the current results. N anostructured  M 0 S2 , such as nanoribbons, have unique 

properties which can be tuned  for specific applications[8]. U pon optim isation of 

the technique, a focused helium ion beam  could be used to  realise such structures.

Electron beam  induced deposition of carbon into nanostructu red  M 0 S2 flakes was 

dem onstrated. The e-beam  annealing needs to  be optim ised in order to  fully 

crystallize the  carbon s truc tu re  in th e  milled hole in the  M0 S2 flake. T his technique 

can then  be extended to  a range of different m aterials. Not only can various types 

of flakes be milled, bu t a m aterial o ther th a n  carbon could be in troduced into the  

hole by (Iroi)ping a solution onto the  sample. A large range of heterostructures 

w ith different properties could be created  w ith this m ethod.

Finally, a high level of control of a m a teria l’s geom etry using a com bination of 

a focused Ga+ beam  and a focused He+ beam  was dem onstrated . T he TEM  

lam ella p reparation  dem onstrated  in chapter 8 shows how ex traction  of sections 

of different geometries from a sam ple can provide an enhanced understanding  of 

the  original sam ple during TEM  analysis. Different geom etries of lamellas may 

provide further com plem entary inform ation. HIM m odification of the  surface of 

3D structures, such as TEM  lamellas, by glancing angle irrad iation  requires further 

optim isation. D em onstration of th e  resilience of the HIM pohshing technique using 

a range of m aterials would serve to  greatly enhance its usefulness.

Overall it is clear th a t the  m any findings of this work pave th e  way for more inves

tigations in order to  build on these results. A deeper understanding  of th e  results 

presented here can be gained from fu rther modelling and experim entation  as ou t

lined above. O ur focus has been on the  development of fundam ental m odification 

techniques. Future work m ay focus on optim ising these techniques and extending 

them  to  a greater range of m ateria l systems.
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Tool Specifications
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Source R esolu tion B eam  En
ergy R ange

B eam  Cur
rent R ange

A cquisition
P aram eters

Scanning Electron 
Microscope

Carl Zeiss Schottky
FEG

1 nm @ 15 kV 0.5 -  30 kV 9 pA -  6 nA 1,024x768 scan resolu
tion and 10 /xs dwell time

Helium Ion 
Microscope

Carl Zeiss Gas Field 
Ion Source

0.35 nm @ 30 kV 5 -  35 kV 0.1 -  10 pA 1,024x1,024 scan resolu
tion, 1 IJ.S dwell time and 
64 line averages

Transmission
Electron
Microscope

FEI Schottky
FEG

0.14 nm inTEM , 
0.12 in STEM 
(both @ 300 kV)

80 - 300 kV IpA -  100 nA 2,048x2,048 image reso
lution and 1 s acquisi
tion time in TEM mode. 
1,024x1,024 scan resolu
tion and 64 /is dwell time 
in STEM

Raman
Spectrometer

Horiba 633 nm 
HeNe Laser

1 ^m  lateral, 0.1 
nm spectral

10 s acquisition time and 
2 spectrum  averages

Energy Dispersive 
X-ray Spectrometer

EDAX 129 eV spectral 200 8 acquisition time

Electron Energy 
Loss Spectrometer

G atan 0.8 eV spectral 20 s acquisition time

Table A .l:  Table of the specifications of the tools used throughout this work.
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Source Building Procedure for 

the Helium Ion M icroscope

The most commonly used ion microscope source is the Liquid Metal Ion Soiu'ce 

(LMIS). In the LMIS of a FIB the gallimn is heated to a liquid state and flowed 

to the apex of a sharp tungsten needle. An electric field is applied to this tip 

until gallium ions are field evaporated from the source. The LMIS is limited by 

a relatively large energy spread of 5 - 10 eV[184]. This energy spread leads to 

chromatic aberration whereby ions of different energies are focused onto different 

planes within the microscope. This results in the ions being focused on a disc 

area on the sample, instead of a single point. This chromatic aberration currently 

limits the resolution of the FIB to 3 - 5  nm at best[120]. The ion source in the 

HIM is a gas field ion source (GFIS). This type of source can produce an ion beam 

with an energy spread of just 0.5 eV[185], leading to a significant reduction in 

chromatic aberration and an order of magnitude enhancement in resolution over 

the FIB.

The HIM source consists of the emitter, a cryogenically cooled, sharpened tungsten 

tip, which is held at a positive bias of 25 -  35 kV during operation. The bias is 

adjusted outside of this range, from 10 -  50 kV, during the trim er building process.
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B .l  Form ing a Trimer

Before beginning this procedure the hehum gas pressure should be reduced from 

the typical 5x10“® Torr to 2x10”® Torr. A reduced gas pressure helps to reduce 

the risk of an electrical arc between the source and the extractor. Arcing is very 

damaging to the source and can lead to a replacement source being required. The 

beam limiting aperture should also be removed as it would limit our view of the 

source during this procedure. All of the electronic beam alignments such as tilt, 

shift, pan, stigm ators and scan rotation should be set to zero. New alignments 

will be required for the new trimer. It should also be ensured tha t a featureless, 

conductive surface is centred under the beam. This is required for viewing the 

source.

The first step is the ‘source forming’ process. During the source forming the 

em itter is heated while a bias is also applied. This allows the em itter geometry 

to be altered, making it either sharper or more blunt. A higher bias or a higher 

tem perature will cause the em itter to elongate. During operation a bias is applied 

to the em itter in order to produce a sufficient electric field, within the immediate 

vicinity of the em itter tip, to ionise hehum atoms. Assuming the same bias is 

applied, a sharper em itter will have a higher electric field at its tip. This results 

in a lower bias being reqiiired when a sharper em itter is formed.

Once the em itter has been shaped the ‘trim er forming’ procedure can begin. The 

bias on the em itter will be 10 kV after the source forming completes. This value is 

then increased manually. Initially the field at the em itter tip will not be sufficient 

to observe any hehum ionisation. Typically at ~25 kV the first signs of emission 

are observed. The applied bias begins to field evaporate atoms from the tip  until 

the surface is smooth and uniform. At ~35kV the first observation of the atomic 

structure of the tip  of the em itter is observed, this pattern  is shown in figure 

B .l (a). This is often referred to as ‘the rose p a tte rn ’ and is indicative of a well 

structured tip.
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F i g u r e  B . l :  (a) The rose pattern showing good crystallographic structure of 
the emitter in the HIM. (b) Tlie trinier of atoms, one of which is used as the

source of the HIM.

The bias is further increased, slowly enough tha t at this point individual atoms 

are being removed from the tij). Field evai)oration will remove atoms until finally 

a stable arrangement of three atoms, the trirner, is observed. A trim er is shown 

in figure B .l(a). The tip bias is then adjusted, usually reduced by a few kV, in 

order to maximise the electric field strength at the trim er of atoms. This value is 

known as the Best Imaging Voltage (BIV).

As discussed earlier a sharper em itter will produce a sufficient ionisation field at a 

lower bias. In this case the BIV is also lower. A low BIV is typically not ideal for 

several reasons. Firstly, a low BIV results in a lower beam current. For milling, 

spectroscopic analysis or backscattered ion imaging a large beam current is a pre

requisite. A larger beam current also affords more flexibility in the alignments, 

typically allowing a smaller probe to be formed while maintaining a useful beam 

current. Secondly, a large bias on the tip  helps to keep it free of contaminants. A 

lower bias therefore leads to a shorter trimer lifetime. Finally, the BIV is the upper 

limit to the range of acceleration voltages which can be used during operation.

If it is the case th a t the BIV is too low (below 25-30 kV) then a procedure to make 

the tip  more blunt is available. This is called annealing. Annealing the em itter
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consists of heating it, with no bias, allowing it to both reflow to a more rounded 

shape, and also to recrystallize. The recrystallization effect may be required if the 

rose pattern  is not observed when forming a trimer.

By careful optimisation of the source geometry a well shaped em itter tip  can 

formed. A trim er with a good beam current and a good lifetime should be the 

result of this optimisation. The beam current is measured when one of the atoms 

of the trim er is aligned to the optical axis of the column. A value from 10 pA up 

to 30 pA is considered good. The value which is determined by the manufacturer 

to be ‘in spec.’ is >5 pA. A good lifetime is 2-3 weeks. In fact in many cases the 

trim er may last much longer but the beam current diminishes over the lifetime 

of the trimer. As such, the trim er is typically of little use after more than  three 

weeks and a new one must be formed.

When a new trim er is required the source forming process need not be attem pted 

innnediately. Instead the em itter bias can be slowly increased until the trim er is 

removed. The bias is then further increased until another trim er is isolated. If 

none is found the source forming must be done.

B .2 A ligning the U pper Colum n

Now th a t a good trim er has been formed the rest of the column must be aligned. 

The atom which appears brightest is the one which provides the greatest emission 

source. This is the atom to which the column is aligned. The voltage on the 

condenser lens, lens 1, is reduced such th a t the beam crossover point is in a 

plane below the beam limiting aperture. The trim er is observed on the screen 

and the source unit is physically tilted until the emission atom is centred on the 

screen. The lens 1 voltage is then increased in order to bring the crossover above 

the aperture. The image of the trim er will have inverted, and also moved. The 

source unit is manually shifted in order to recentre the emission atom. This is an
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iterative process which brings the trinier approximately onto the optical axis of 

lens 1. Three to five iterations is typically sufficient.

A large (20 //m) aperture is then inserted. This aperture nmst be aligned to the 

optical axis of lens 1^ While viewing the source lens one can be focused onto the 

aperture plane so that the aperture can be seen. The aperture is then moved to 

the centre of the screen using the aperture positioning motors. The new aperture 

co-ordinates are saved.

B .3 A ligning th e  Lower C olum n

The beam nnist next aligned onto the optical axis of lens 2. Lens 1 is adjusted 

so tha t the a])erture is no longer in focus and the trinier can once again be seen. 

The preset lens 1 value of spot 5 is selected. This value simply corresponds to a 

pre-defined lens 1 voltage which is set by the manufacturer. The emission atom 

of the trinier is electronically tilted to the centre of the screen. The sample is 

then viewed. The field of view should be around ~10 An oscillating voltage, 

or voltage wobble, is applied to lens to 2. The image will be observed to move 

laterally as the sample image goes in and out of focus. The electronic beam shifts 

are used to remove this movement and bring the beam into the centre of the 

lens. As with the lens 1 alignment this is an iterative process requiring several 

adjustm ents of tilt and shift, until no more improvements can be made.

The balance of the quadropoles is checked next. The sample is viewed at a higher

magnification (Field of view <5 /xni). A voltage wobble is applied to two of the

segments of the quadropoles which are positioned opposite each other. This wobble

causes the image to move laterally. The bias ratio applied to the two segments

is adjusted to minimise this movement. The process is then repeated on the two

remaining segments in the quadropole.

^The reason that the aperture needs to be re-ahgned is because the ahgnment of the trinier 
to lens 1 is not perfectly accurate.
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A final check is performed to ensure th a t the trim er is still centred and th a t the 

lens 2 wobble produces no lateral movement of the image. The gas pressure is 

brought back up to 5x10“® Torr. The lens 1 setting is adjusted to spot 4. The 20 

fim  aperture should still be inserted. These are the standard conditions at which 

the beam current is recorded. This is the value referred to earlier which should be 

greater than 5 pA.

The 10 and 5 /xm apertures can be aligned in the same way as the 20 //m aperture. 

The aperture is inserted, focused on with lens 1 and moved into the centre of the 

screen. The electronic tilts and shifts are again optimised. It is not necessary to 

adjust the quadropole balancing.

The optinmm parameters for high resolution imaging are a 10 fim  aperture with 

a spot immber (the lens 1 strength) which brings the beam current down to ~0.5 

pA. The spot number required to achieve this will vary for each trim er but is 

typically 5-8.

The source building procedure requires experience to perfect. The shaping of the 

tip  using successive builds and anneals is somewhat of a ‘dark a r t’. The patience 

required to slowly increase the extraction voltage in order to remove all but three 

atoms from the em itter tip is something th a t can’t be taught. However, the 

procedure does become routine after several attem pts and a trim er can be formed 

and aligned in less than an hour if no issues are encountered.



A ppendix C 

FIB Lift-Out Procedure

This is an overview of the  typical TEM  sample preparation  process carried out 

in the FIB. The AI2 O 3  sam ple introduced in chapter 8  will be used to  illustrate 

the process. Electrically insulating samples were coated w ith ~ 5  nni of m etal 

(typically Au or A u /P d ) in a spu tte r coater. The sam ple was loaded into the FIB. 

T he sam ple was brought to  the eucentric height, at th is height the  tilt j)lane is 

ecjuivalent to  the sample surface, tilting  therefore doesn’t  cause the sam ple to  shift 

laterally. A 5 nun working distance was used. T he electron and ion beam s were 

aligned to co-incidence w ith the sample surface perpendicular to  the  ion beam . 

T he FIB was equipped w ith a Kleindeik N anotechnik m icrom anipulator needle 

and a Picoprobe Gas Injection System  (GIS) system  for the  lift-out procedure.

T he first step  in any lift-out procedure is to  deposit a protective layer of p latinum  

on the  region of interest in the  FIB. Electron beam  induced decom position of 

an organo-m etallic precursor ((C H 3)3Pt(C pC H 3)) was used to  deposit a 100 nm 

thick layer of p latinum  over an area of 6x1 .5  /xm. T he tim e taken to  deposit this 

layer depends on the electron beam  param eters. A higher beam  current or a lower 

beam  energy will increase the ra te  of deposition. Typical param eters used were 3 

nA beam  current and 2 keV beam  energy. W ith  these param eters the  deposition 

tim e w’as ~ 3  min. E-beam  platinum  was deposited before tu rn ing  on the  gallium
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F i g u r e  C .l ;  (a) Platinum  strap  deposited on the substra te  surface by electron 
beam and ion beam  induced deposition, (b) Plan view of the two trenches cut 
with the ion beam  leaving a th in  section of m aterial isolated at the centre, (c) 
Om niprobe TEM  lift-out grid m ounted vertically on a sample holder, (d) SEM

image of the  final lamella.

ion beam to ensure th a t the region of interest was protected from exposure to any 

damaging gallium ions. Ga+ beam induced deposition was then used to deposit a 

further 1 thick layer of platinum over a 12x2 jim  area. A 100 pA, 30 keV ion 

beam requires ~ 5  minutes to deposit this layer. The resulting platinum  rectangle 

can be seen in figure C .l (a).

A 10 iiA Ga'*" beam was used to mill a trench to a depth of 10 /^m either side of a 

1.5 thick section of material. This lamella was thinned to 1 ^m  with a 2 nA 

ion beam. The trenches are shown in figure C .l(b). One side of the lamella was 

freed from the substrate with a 2 nA ion beam. The sample was tilted 49° relative 

to the ion beam and the lamella was undercut, leaving it supported on only one 

side. A micromanipulator needle was brought in to contact with the free side of
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the lamella and affixed with platinum by electron beam induced deposition. The 

lamella was then cut free from the substrate with a 2 iiA ion beam and transferred 

to an Onmiprobe TEM lift-out grid mounted vertically in a sample holder as shown 

in figure C .l(c).

The sample was thinned to 300 nm with an ion beam current of 200 pA with the 

lamella sidewall at an angle of 1° relative to the ion beam. The sample was then 

thinned to 100 nm w'ith a 20 pA ion beam at an angle of 0.7°.

In order to produce lamellas of the highest quality a low energy gallium ion polish 

was used. A 5 keV gallium beam energy at a beam current of 20 pA was scanned 

at 2° relative to the sidewall of the sample on either side for one minute each side. 

This step is known to reduce the FIB induced aniorphisation and implant layer 

to just ~ 2  nm, roughly ten times less than  the damage layer produced by 30 keV 

gallium ions[174]. The hnal lamella is shown in Fig. 2(d).
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Abstract

M odification and Analysis of Layered M aterials 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 (M0S2). The irradiation of M0S2 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 M0S2 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.


