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Abstract
Semiconductor nanowires are pseudo 1-D structures where the magnitude of the
semiconducting material is confined to a length of less than 100 nm in two
dimensions. Semiconductor nanowires have a vast range of potential applications,
including electronic (logic devices, diodes), photonic (laser, photodetector),
biological (sensors, drug delivery), energy (batteries, solar cells, thermoelectric
generators), and magnetic (spintronic, memory) devices. Semiconductor nanowires
can be fabricated by a range of methods which can be categorised into one of two
paradigms, bottom-up or top-down. Bottom-up processes can be defined as those
where structures are assembled from their sub-components in an additive fashion.
Top-down fabrication strategies use sculpting or etching to carve structures from a
larger piece of material in a subtractive fashion. This thesis details a number of
novel routes to fabricate semiconductor nanowires by both bottom-up and top-down
paradigms. Chapter 3 describes a novel bottom-up route to fabricate Ge nanowires
with controlled diameter distributions in the absence of a foreign metal catalyst. The
nanowires produced by the method outlined in chapter 3 consist of highly crystalline
Ge nanowire cores encapsulated in a shell of amorphous Si-based material derived
from the hexakis(trimethylsilyl)digermane precursor compound. Furthermore, the
diameter of the Ge nanowire core was found to be related to the nanowire synthesis
temperature, and as such the nanowire diameter distribution may be controlled by
careful control of the synthesis temperature.
Hydrogen silsesquioxane (HSQ) is a high resolution, negative tone, inorganic
electron beam lithography (EBL) resist which is capable of producing features with
iii

sub-10 nm dimensions on Si substrates. However, the use of HSQ to pattern non-Si
based materials is less well developed. Chapter 4 outlines the importance of surface
chemistry in high-resolution EBL using HSQ to fabricate arrays of Ge and Bi2Se3
nanowires. Finally, Chapter 5 describes the use of a high-resolution EBL process to
produce arrays of Si nanowires from silicon-on-insulator (SOI) substrates.
Additionally, chapter 5 details a process to create templates for the directed selfassembly of a diblock copolymer, in this case polystyrene-b-polydimethylsiloxane.
Directed self-assembly of diblock copolymers is of interest for advanced lithography
applications, whereby pattern multiplication can be achieved within sparsely
patterned templates by directed self-assembly of suitable diblock copolymers.

iv

Acknowledgments
First and foremost let me state my profound thanks to my supervisor, Dr. Justin
Holmes, for his pragmatic and unintrusive style of guidance.

He was always

available when advice was required and when blind panic obstructed logic he was
the voice of sense.
Next, I must offer by deepest thanks to Nikolay for his creativity and endless streams
of suggestions, without which I would have been in danger of getting a moments
peace. He is a very talented scientist and future generations of students could do
well to pay attention to 50% of his ideas (the 50% that stand a chance of working).
I have been privileged to have had access to a number of outstanding consultants in
my time at U.C.C., each with their own wealth of expertise, and all of whom have
gone beyond the call of duty in their advice and time that they have devoted to me
during my PhD studies. I would like to thank each of these consultants for their
support and friendship, to Yordan, Sven, Richie, Michael, and Ran, thank you.
I have been lucky to have had access to the support and skills of a number of talented
engineers during the course of my research studies, these include Richard Murphy,
Vladimir, Kohsin, Brendan McCarthy, Brendan O’Neill, Dan O’Connell, Alan
Blake, Joe O’Brien, John Pike, Carmel Murphy, Krimo, Markus Boese, Matt Shaw
and Calum Dickinson. Likewise, I have benefitted greatly from the advice and help
afforded me by so many others. Let me thank all those at Tyndall that I have gotten
to know over the past few years for their kindness and helpful discussions. I would
also like to sincerely thank my collaborators for their great efforts, discussions and
support, Faxi, and Prof. Wang at U.C.L.A., Stephen and Vojislav at CRANN, Olga
at NPL and J-P at Tyndall, thank you all for your support. Additionally, I would like
v

to thank our neighbours in Lab 343 for their enthusiasm and support throughout my
term at U.C.C.
I must also thank the 115 alumni for the great times during those formative years of
my PhD, thanks to Jubo, John O’Callaghan, Pal Delaney, Joe, Kamil, Machteld,
Tricky Dicky Phelan, Tim Gabriel, Gill, Arun and Donna Arnold. Also, the 343
alumnists, Pete, Keith, Lacky McMadman, Mahony, Tom and Louise.
To my friends and colleagues in 115 I would like to thank you for all the laughs and
discussions that we have had, thanks to Olan, Mark, Justin ‘Nani’ Varghese, Subha,
Dave, and Colm O’Reganator.
Thanks to all the staff in the Chemistry department for their endless reserves of
‘favours’ and ‘loans’. Thanks to the fellas banging next door, Johnny, Mick and
Tony, and to the girls in the office, Christine, Colette, Claire, Eileen, and Mary.
Many thanks to Pat, Terry, Donal, Rose, Agnes, Derry, Donncha, Tina, Chrissie,
Noel, Trev and Mattie for bringing life to the dullest building on campus, you were
all great friends to me and everyone in the group.
Lastly, I would like to thank those who chased my blues away and made the stress of
doing a PhD, whilst running one of one of the biggest clubs in the university that bit
more bearable. To my parents Margaret and Winston, thank you for your patience,
love and support and for allowing me opportunities that you were not. To Ciara, I
thank you for the balance that you brought to so many days and for your seemingly
limitless kind words, you have been a great source of strength to me and I couldn’t
have asked for more.

vi

Dedicated to my parents

vii

Table of Contents

Declaration ........................................................................... ii
Abstract ............................................................................... iii
Acknowledgements................................................................v
1. Introduction ........................................................... 1
1.1. Semiconductor Nanowires ............................................2
1.2. Bottom-Up Semiconductor Nanowire Fabrication ..... 4
1.2.1. Semiconductor Nanowire Growth Methods .................................................................... 4
1.2.2. Nanowire Alignment Techniques ................................................................................... 7
1.2.3. Vertical Nanowire Field Effect Transistors ................................................................... 10
1.2.4. Bottom-Up Semiconductor Nanowire Outlook ............................................................. 13

1.3. Top-Down Semiconductor Nanowire Fabrication .... 15
1.3.1. Optical Lithography ..................................................................................................... 15
1.3.2. Next Generation Lithography: Electron Beam Lithography and Competing Techniques 20
1.3.3. Top-Down Semiconductor Nanowire Fabrication Outlook ............................................ 28

1.4. Integration of Bottom-Up and Top-Down Nanowire
Fabrication Processes ........................................................29
1.4.1. Directed Self-Assembly ............................................................................................... 29
1.4.2. EBL Catalyst Placement for Bottom-Up Nanowire Growth .......................................... 36
1.4.3. Nanosphere Lithography .............................................................................................. 37
1.4.4. Miscellaneous Synergistic Nanowire Fabrication Processes .......................................... 37

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

viii

1.5. Emerging Semiconductor Nanowire Materials ......... 41
1.5.1. High Mobility Materials for Next Generation CMOS Devices ...................................... 41
1.5.2. Thermoelectric Nanowires ........................................................................................... 44

1.6. Nanowire Fabrication Outlook ..................................45
1.7. Thesis Summary ..........................................................46
1.8. Bibliography ................................................................47
2. Experimental ........................................................ 59
2.1. Self-Seeded Supercritical Fluid (SCF) Phase
Synthesis of Ge Nanowires ................................................60
2.2. Self-Seeded Solution Phase Synthesis of Ge
Nanowires ...........................................................................62
2.3. Electron Beam Lithography .......................................64
2.3.1. Background ................................................................................................................. 64
2.3.2. PMMA Positive-Tone EBL .......................................................................................... 68
2.3.3. Hydrogen Silsesquioxane Negative-Tone EBL ............................................................. 73
2.3.4. Ge Patterning............................................................................................................... 76
2.3.5. Bi2Se3 Patterning ......................................................................................................... 77
2.3.6. Silicon-on-Insualtor Patterning..................................................................................... 78
2.3.7. Directed Self-Assembly of PS-b-PDMS within EBL Defined Channels ........................ 80

2.4. Structural Characterisation Techniques ...................83
2.4.1. X-ray Diffraction ........................................................................................................ 83
2.4.2. Electron Microscopy ................................................................................................... 84
2.4.3. X-ray Photoelectron Spectroscopy............................................................................... 86

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

ix

2.4.4. Fourier Transform Infrared Spectroscopy ................................................................... 87

2.5. Bibliography ................................................................88
3. Self-Seeded Growth of Sub-10 nm Germanium
Nanowires ................................................................ 91
3.1. Abstract .......................................................................92
3.2. Germanium Nanowire Growth ..................................92
3.3. Results ..........................................................................97
3.4. Conclusions................................................................ 126
3.5. Bibliography .............................................................. 127
4. Resist-Substrate Interface Tailoring for Generating
High Density Arrays of Ge and Bi 2Se3 Nanowires by
Electron Beam Lithography .................................. 131
4.1. Abstract ..................................................................... 132
4.2. Introduction............................................................... 132
4.2.1. Hydrogen Silsesquioxane ........................................................................................... 132
4.2.2. Germanium................................................................................................................ 133
4.2.3. Bismuth Selenide....................................................................................................... 134

4.3. Results ........................................................................135
4.3.1. Ge Lithography.......................................................................................................... 135
4.3.2. Bi2Se3 Lithography .................................................................................................... 146

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

x

4.4. Conclusions................................................................ 151
4.5. Bibliography .............................................................. 152
5. High Resolution Electron Beam Lithography for the
Fabrication of Si Nanowire Arrays and the Directed
Self Assembly of Block Copolymers .................... 154
5.1. Abstract ..................................................................... 155
5.2. Introduction............................................................... 155
5.3. Fabrication of Si Nanowire Arrays.......................... 157
5.4. Directed Self-Assembly of PS-b-PDMS ................... 161
5.4. Conclusions................................................................ 167
5.5. Bibliography .............................................................. 168
6. Conclusions ....................................................... 170
6.1. Conclusions................................................................ 171
6.2. Bibliography .............................................................. 175

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

xi

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

xii

Chapter 1:Introduction

Chapter 1
Introduction

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

1

Chapter 1:Introduction

“....whoever could make two ears of corn, or two
blades of grass, to grow upon a spot of ground
where only one grew before, would deserve
better of mankind, and do more essential service
to his country, than the whole race of politicians
put together.”
Jonathan Swift, Gulliver’s Travels, 1726.

1.1. Semiconductor Nanowires
Semiconductor nanowires are pseudo 1-D structures where the magnitude of the
semiconducting material is confined to a length of less than 100 nm in two
dimensions. Semiconductor nanowires have a vast range of potential applications1,
including electronic (logic devices, diodes)2, photonic (laser, photodetector)3–5,
biological (sensors, drug delivery)6, energy (batteries, solar cells, thermoelectric
generators)7,8, and magnetic (spintronic, memory)9–11 devices.

Semiconductor

nanowires can be fabricated by a range of methods which can be categorised into one
of two paradigms, bottom-up or top-down. Bottom-up processes can be defined as
those where structures are assembled from their sub-components in an additive
fashion. Top-down fabrication strategies use sculpting or etching to carve structures
from a larger piece of material in a subtractive fashion. The challenge of continuous
microelectronic device scaling to meet industry targets, e.g. ‘Moore’s Law’12, and
the diversification of the microelectronics industry into new materials for specialised
applications (‘More than Moore’)12, has motivated research in semiconductor
Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms
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nanowires for the past number of decades. The massive competition for a share of
the global 304 billion USD semiconductor market13, has driven the expansion of the
semiconductor nanowire research area, resulting in the evolution of, new fabrication
techniques, innovative processes, new materials and creative advancements in
semiconductor nanowire device design.

This chapter aims to summarise and compartmentalise the various approaches taken
by both the bottom-up and top-down paradigms in this field, whilst identifying
potential spaces in which both top-down and bottom-up approaches may be used in
tandem. Primarily, this chapter will focus on Si and promising high charge carrier
mobility materials for logic device applications, although other noteworthy
applications of semiconductor nanowires and nanoribbons for other applications will
be discussed.

Firstly, the major fabrication routes to production of semiconductor nanowires in
both paradigms will be discussed, whilst identifying recent advances and
highlighting the benefits and drawbacks of these routes. The synergistic use of both
top-down and bottom-up approaches to produce structures unattainable by either
route alone will also be considered. Next, the most promising materials for high
mobility logic device fabrication will be considered.

The current issues with

processing these materials within each fabrication paradigm will also be addressed.
Lastly, the application of semiconductor nanowires in the field of thermoelectric
materials will be discussed with respect to their use in energy recovery applications.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms
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1.2. Bottom-Up Semiconductor Nanowire Fabrication
1.2.1. Semiconductor Nanowire Growth Methods
Numerous routes exist to the bottom-up fabrication of semiconductor nanowires.
The vapour-liquid-solid (VLS) mechanism and analogues thereof, is the most
commonly used route to semiconductor nanowire production.14,15,1

The VLS

mechanism relies on a vapour phase precursor of the nanowire material which
impinges on a liquid phase seed particle, from which unidirectional nanowire growth
proceeds. The choice of an appropriate seed material has the benefit of allowing
control over the diameter of the nanowires produced, whilst the seed material can
also significantly affect the crystalline quality of the nanowire.16,17 At this point, the
importance of selection of an appropriate precursor material should be highlighted.
Within a given precursor, MRx, where ‘M’ represents the semiconductor element, or
elemental component of a compound semiconductor, and ‘R’, represents a protecting
group, the M-R bond should be sufficiently labile under nanowire synthesis
conditions to liberate reactive M species for nanowire growth. Furthermore, the R
group liberated upon precursor decomposition should ideally exist as a gas phase
species to prevent contamination of the nanowire product with liquid or solid phase
by-product. Consequently, metal hydrides are often used as precursor compounds
for nanowire growth, as H2 gas is an especially clean by-product which has the
benefit of inhibiting undesirable oxide formation for non-oxide semiconductor
nanowire growth. Metal hydride precursors are commonly used in the growth of
nanowires by chemical vapour deposition (CVD), given that metal hydrides such as
SiH4 and GeH4 generally exist as gas phase compounds18. Metal-organic precursors,
such as diphenylsilane and diphenylgermane, often used in solution phase and
supercritical fluid phase nanowire synthesis can produce carbonaceous by-products
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which may be difficult to completely separate from the nanowire product.19,20
Semiconductor nanowire synthesis conditions often encourage the formation of
reactive radical species which can initiate polymerisation reactions resulting in
unwanted contaminating by-products,21 and as such, precursor design should always
be considered when designing an experiment for semiconductor nanowire synthesis.
Analogues of the VLS mechanism include supercritical fluid-liquid-solid (SFLS)15,
solution-liquid-solid (SLS)22, vapour-solid-solid (VSS)23,24 and oxide assisted
growth (OAG)25 mechanisms. Common to all of these analogues is the existence of
a collector or seed particle which acts as a sink for the nanowire material, and from
which unidirectional growth proceeds.26 Conventionally, the seed particle is a metal
with which the nanowire material or component thereof forms an alloy. However,
autocatalytic or self-seeded semiconductor growth has also been demonstrated.27–33
Self-seeded VLS-type nanowire growth is most commonly observed for compound
materials such as InP, GaN and SnO2 whereby the metallic component of the
material, In, Ga and Sn for InP, GaN and SnO2 respectively, forms seed particles for
nanowire growth of the compound material.33,32,34 However, there have also been
reports of self-seeded nanowire growth for elemental materials where a VLS-type
mechanism has been invoked. 35

Chapter 3 of this thesis discusses a novel

mechanism of Ge nanowire growth in the absence of a metal seed catalyst particle.
The most commonly used metal catalyst for VLS-type nanowire growth is Au,
prepared either as colloidal Au nanoparticles or as an evaporated or sputtered thin
film.

However, Au is inherently incompatible with semiconductor device

manufacturing. Au has a high diffusivity in Si and also acts as a deep level acceptor
and thus has detrimental effects on device performance.36–38 Furthermore, Au is a
highly inert material which makes cleaning of instrumentation contaminated with Au
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extremely difficult.

For example, traditional Au etchants include aqua regia

(concentrated nitric acid and hydrochloric acid solution), KI/I2 solution and alkali
cyanide solutions, all of which would corrode stainless steel equipment and in the
case of alkali solutions result in detrimental effects on semiconductor device
performance, such as shifting of threshold voltage (Vt).39,40 Consequently, there has
been

significant

research

into

alternative,

complementary

metal-oxide-

semiconductor (CMOS) production compatible, metal seeds for catalysed VLS
semiconductor nanowire growth.41–43

Acceptable metals should have ionisation

energies far from the mid band-gap region of the semiconductor material.

Si

nanowire growth has been demonstrated using a number of Si CMOS compatible
metals including Bi22 and Al.44
One benefit of bottom-up nanowire growth over top-down processing is that
nanowires grown by bottom-up methods may be doped in-situ during crystal growth
by incorporating dopant precursors in the nanowire synthesis procedure.
Consequently, bottom-up grown nanowires may not require destructive techniques
such as ion implanting to generate additional charge carriers. Ion implanting can
destroy atomic ordering in the implanted region of the semiconductor crystal and
requires subsequent thermal annealing steps to restore crystal ordering.45

In addition to VLS-type nanowire growth mechanisms there exists a range of other
routes to produce bottom-up grown nanowires.

These routes include, oriented

attachment,46,47 metal organic vapour phase epitaxy (MOVPE),48,49 molecular beam
epitaxy (MBE),50 soft templating,51–53 dislocation driven unidirectional growth29 and
crystal habit modification.54–56

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms
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1.2.2. Nanowire Alignment Techniques
Bottom-up grown semiconductor nanowires fabricated by the methods outlined
above are typically produced as entangled meshes of nanowires and as a result lack
the periodic ordering and placement required for large-scale semiconductor device
processing. Figure 1.1 displays an SEM image of an entangled mesh of SiO2-coated
Ge nanowires.

Figure 1.1. An SEM image of an entangled mesh of SiO2-coated Ge nanowires
grown from colloidal Au nanoparticles by the SFLS method.

Recently there have been a number of techniques developed to align semiconductor
nanowires produced as entangled meshes. Examples include alignment of polar
nanowires within strong electric fields,57,58 dielectrophoresis,59,60 microfluidic
alignment,61 lubricant assisted contact printing,62–64 and evaporation-induced
alignment.65–67

Electric

field-based

alignment

techniques,

including

dielectrophoresis, have been shown to allow precise control over nanowire position
with respect to metallic contact pads, however, these techniques have not yet
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demonstrated the high density of aligned nanowires required for high volume
manufacturing (HVM), which is currently approaching a device half-pitch of 20
nm.12 Figure 1.2 displays images of nanowires aligned by dielectrophoresis at a
pitch of ~ 20 µm.

Figure 1.2. Optical dark-field and DUV images of nanowires assembled onto
electrodes by dielectrophoresis: (a) dark-field image of defect-free nanowire
assembly arranged on electrode arrays (scale bar = 200 µm), (b) high magnification
dark-field image of nanowires aligned on 2 µm wide electrodes (scale bar = 20 µm)
and (c) DUV image of a single nanowire aligned on electrodes separated by 12 µm
(scale bar = 4 µm).60

Microfluidic alignment, contact printing and evaporation induced alignment
techniques have all demonstrated the capability to create parallel nanowire arrays, in
some cases with high areal density. Fan et al., for example, have demonstrated
aligned nanowires at a density of ~ 10 nanowires/µm.62 However, these techniques

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

8

Chapter 1:Introduction

lack the prerequisite precision of control over nanowire placement, required for
individual nanowire addressability within very large scale integrated circuit (VLSI)
technology. Nevertheless, such techniques have been used not only to demonstrate
successful individual device operation, but, also to demonstrate integrated devices in
a fully functioning nano-processor.63

A change of direction may be required for bottom-up approaches to achieve the
requisite nanowire density, placement control and alignment required for VLSI
manufacturing.

High density vertical semiconductor nanowire films have been

produced using a range of bottom-up techniques. These techniques include, epitaxial
nanowire growth,68–70,16,71–73,44,49 and hard-templated nanowire growth.74,75 Figure
1.3 shows an SEM image of vertically aligned epitaxially grown nanowires, where
the diameter was controlled by an anodised aluminium oxide (AAO) template.

Figure 1.3. SEM image of epitaxial vertical Si nanowire arrays grown within an
AAO hard template (template removed in image). Nanowire crystal orientation is
controlled epitaxially by the substrate, whilst diameter and placement of the
nanowires is controlled by the template.74
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The epitaxial route to semiconductor nanowire synthesis has the advantage of
controlling nanowire crystal orientation through the selection of an appropriate
substrate crystal orientation.

Wang et al. for example, have demonstrated the

epitaxial growth of vertically aligned <111> oriented Si nanowires on a <111> Si
substrate by CVD using an Al catalyst. Nanowires can also be produced epitaxially
when there is a large lattice mismatch between the nanowire material and the
substrate material. Tomioka et al. reported the growth of <111> oriented InAs
nanowires on a Si <111> substrate, despite an 11.6 % lattice mismatch between the
two crystals, by using a selective area MOVPE technique whereby lattice mismatch
strain was dissipated by limiting the interfacial area between the two crystals.49
Shimizu et al. have shown that the combined use of epitaxial nanowire growth and
an ordered template such as AAO to control the position of these nanowires, allows a
route to ordered arrays of vertically aligned, coaxial, Si nanowires suitable for use in
vertical nanowire device fabrication (figure 1.3).74

Ordering of pores in AAO

spontaneously occurs during AAO formation as a mechanism to reduce internal
strain in the AAO film.76 The formation of AAO with hexagonally close packed
(HCP) pores can be considered a bottom-up process, as the pores self-assemble into
a HCP arrangement from an initial disordered state, pore by pore.76

1.2.3. Vertical Nanowire Field Effect Transistors
There have been several reports of field effect transistor (FET) devices produced
using vertically aligned, bottom-up grown semiconductor nanowires.77–84 Figure 1.4
shows electron microscopy images of vertical Si nanowires used to create vertical
nanowire FET devices.
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Figure 1.4. Vertically aligned, epitaxial, Au seeded, Si nanowires with thermally
grown SiO2 shells. Scale bars represent lengths of 1 µm, 75 nm and 4 nm in (a), (b)
and (c) respectively.83

The reported devices showed reasonable performance characteristics with observed
ION/IOFF ratios > 105 and a sub-threshold slope of 120 mV/decade, although their
performance was still significantly poorer than current state-of-the-art, top-down,
strained Si devices.85

The vertical nanowire devices demonstrated significantly

lower on/off ratios and shallower sub-threshold slopes than their top-down
counterparts. The reasons for their inferior performance can be attributed to a
number of issues including, contact resistance at the source and drain interfaces, nonuniform dopant distribution within the nanowire channel, charge trapping at the gate
dielectric interface, or charge carrier recombination due to Au incorporation within
Au-seeded Si nanowires. Some of these issues may be rectified, for example, the
choice of an appropriate seed metal for nanowire growth is important. Not only
should the seed metal allow production of the desired nanowire structure, the metal
should also have an appropriate work function to form an ohmic contact to the
semiconductor nanowire.86,87 Au tends to form Schottky contacts to n-Si resulting in
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high contact resistance to the semiconductor nanowire channel.88 The choice of
metal also depends strongly on the majority charge carrier and carrier concentration
in the nanowire device, for example p-type devices require metals with increased
work function values compared to n-type devices, and higher semiconductor charge
carrier concentrations result in reduced depletion layer widths at the metalsemiconductor junction which facilitates carrier tunnelling and thus reduced contact
resistance.88

Alternatively, the option exists to use a seed metal which has an

inappropriate work function to produce the nanowires and subsequently strip this
metal away by chemical etching, followed by the deposition of a suitable electrical
contact metal. However, this approach introduces additional device processing steps
and complete removal of the seed metal after chemical etching is unlikely, especially
when alloys may have formed with the semiconductor during nanowire growth. The
issue of dopant distribution is critical to device performance. A homogeneous,
activated dopant distribution is desired within semiconductor devices in order to
assure a stable threshold voltage (Vt).89

Perea et al. have mapped the dopant

distribution within an individual VLS grown Ge nanowire, and have shown the
dopant distribution to be non-uniform along the nanowire growth axis and radially
across the nanowire.90 Techniques such as single ion implantation have been shown
to improve the homogeneity of dopant incorporation in the nanowire structure
resulting in improved Vt stability from device to device.89 A number of approaches
have been taken to improve semiconductor nanowire surface passivation to remove
surface state charge trapping sites, which can have capacitive effects at the nanowire
surface and hinder device performance.

These approaches include organic

passivation of the nanowire surface,91 dielectric deposition of materials such as SiO2,
and Al2O3 and nitridation or sulfidation of the nanowire surface.92,93 Finally, issues
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arising due to metal dopants from the catalyst metal particle can be negated through
the use of an appropriate metal for the semiconductor of choice. The metal should
not have ionisation energies at or near the centre of the band-gap of the
semiconductor.

For example, Al and Bi seeds would be compatible with Si

nanowire production for FET applications as both have ionisation energies near the
centre of the band-gap of Si. Once the outstanding issues detailed above have been
addressed, bottom-up grown vertical nanowire FETs may become a practical route
toward continued device footprint scaling within VLSI technology.

1.2.4. Bottom-Up Semiconductor Nanowire Outlook
There are a number of outstanding issues associated with the integration of bottomup grown semiconductor nanowires into conventional integrated circuit (IC) design
and processing. Conventional IC design is based on the active channel of the logic
devices lying coplanar to the Si wafer substrate, and requires a very high degree of
control over placement of the devices so that they may be individually addressed for
successful IC operation. Traditionally, bottom-up grown semiconductor nanowires
are grown as entangled meshes and consequently lack the prerequisite ordering, and
control of placement required for IC manufacturing.15,27,94 Although there have been
recent advances in extracting nanowires from such entangled meshes and aligning
them on substrates, these approaches can produce neither the high density of
nanowires

desired,

HVM.60,59,63,58,95,65,61

nor

the

large

scale

areal

coverage

required,

for

As such, industrial applications of entangled meshes of

semiconductor nanowires may be limited to the production of nanowire composites,
which may have applications in areas such as batteries, flexible electrodes and
thermoelectric generators.96–98 However, there still remains significant value to be
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gained from the study of individual, novel, nanoscale structures, from a conceptual
standpoint. Given the issues associated with the alignment of bottom-up grown
semiconductor nanowires in the substrate coplanar orientation, it seems imperative
that another route to IC fabrication be devised. Perhaps the most promising route
toward integration of bottom-up grown semiconductor nanowires into an IC
compatible arrangement is that of a vertically oriented active channel with respect to
the substrate. Transferring to a vertical orientation would be a huge change for a
very mature technology. However, recent developments in the industry with the
adoption of tri-gate and finFET structures have shown that movement out of the
plane of the Si substrate is possible and as such presents an opportunity for the
development of 3-D device architectures.

Advances in CVD techniques for

nanowire growth have allowed the production of epitaxial nanowires whereby the
crystalline orientation of the nanowires with respect to a substrate is controlled at the
epitaxial interface. Operational vertically integrated nanowire field effect transistors
(VINFETs), produced using bottom-up grown semiconductor nanowires have been
reported by several groups.80,99,83,84 The VINFET concept remains a viable option
for future semiconductor device processing as it potentially offers a route to high
density stacks of gate all-around (GAA) nanowire FET devices.

The vertical

orientation with respect to the substrate allows devices to be stacked on the substrate
which ultimately increases the density of devices and thus computing power per chip
area. A wrap around gate or GAA structure also offers superior electrostatic control
of the channel compared to current devices in production, which may allow
improved switching of the device. However, a great amount of work is still required
to individually contact each device within such a high density, stacked architecture
and consequently IC fabrication using VINFET devices is still in its infancy.
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Furthermore, the International Technology Roadmap for Semiconductors (ITRS) has
targeted a line width roughness (LWR) value of 1.4 nm 3σ for device structures by
2015.12 LWR values in the targeted range are not yet achievable in semiconductor
nanowire fabrication by bottom-up means, where typical variation in nanowire
diameter values are ~3 nm 3σ.100,101 Consequently, further work is required in the
areas of alloy engineering and nanowire catalyst control to achieve the targeted
control of nanowire diameter for device components in future VLSI manufacturing.

1.3. Top-Down Semiconductor Nanowire Fabrication
1.3.1. Optical Lithography
Optical lithography has been the industry standard for semiconductor device
definition and placement for decades.

In that time there have been significant

developments in optical lithography, both in terms of resist technology and
optics.102–105 There has been a general trend toward shorter wavelength radiation
sources to achieve higher image resolution as given by the relationship in equation
1.1 derived from the Rayleigh criterion.105
CD =

kλ
NA

(1.1)

CD represents the minimum critical dimension that can be imaged in a photoresist
using a given process having a process latitude factor of k, an emission wavelength λ
(nm), and a numerical aperture NA, where NA = nsinθ, where n represents the
refractive index of the medium in which the final projection lens is operating and θ
represents the half-angle of the maximum cone of light that exits the final lens of the
system. In the 1970s, Hg G-line emission, at a wavelength of 436 nm, was the lightsource of choice for optical lithography. Current VLSI manufacturing employs an
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ArF laser with an emission wavelength of 193 nm. In addition to reducing the
wavelength of the radiation source, other measures have also been taken to improve
image resolution. DUV scanners and steppers regularly incorporate a reduction lens
as the final projection lens of the lithography system. Reduction lenses typically
allow 4 × or 5 × reduction of features in the photomask.104 The use of reduction
lenses in scanners and steppers results in a consequent scaling of the image field,
which translates as an increase in the number of exposure fields per wafer and thus a
lower throughput of wafers. Consequently, 2 × reduction lenses are often used as a
compromise between reduced critical dimension (CD) and wafer throughput.
Although reduction lenses do not increase the resolution of the lithography process,
they can be used to scale larger features in the photomask to a fraction of that size in
the image projected on the photoresist. This scaling reduces some of the demands
placed on mask manufacturing, as low density larger features are typically produced
with fewer defects than high density, smaller features in mask fabrication.
Interference lithography can be used to create arrays of features with CD values a
fraction of the wavelength of the radiation source.106–108,104 Interference lithography
requires a number of coherent beams of radiation to be focused on a spot to create an
interference pattern, where the period of the pattern is a fraction of the initial
radiation wavelength. Typically interference lithography is only used to produce
arrays of structures such as gratings. Immersion lithography is a technique whereby
the final projection lens of the radiation source is immersed in a medium with a
higher refractive index than air, e.g. water 1.436 at 193 nm. Increasing the refractive
index of the medium in which the final lens operates, effectively increases the NA
value of the system and as such reduces the minimum CD of features that can be
imaged in the photoresist.104 Media with higher refractive indices than water are also
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being investigated to further increase the process resolution.104 The ‘k-factor’ or
process latitude factor given in equation 1.1, is a broad term which depends on a
number of process dependant parameters. The ‘k-factor’ accounts for photoresist
effects, developer effects and reticle (photomask) effects, amongst others, and as
such is a difficult term to predict for a new process. In essence, a high ‘k’ value is
representative of a lower resolution process, where process parameters limit the
achievable resolution. Typical ‘k’ values can be as low as 0.15, thus allowing
features with dimensions a fraction of the wavelength of the incident light, to be
imaged in the photoresist.109,104 Techniques that can be used to reduce ‘k’ values
include the use of high resolution resists and resist trimming processes, as shown in
figure 1.5.

Figure 1.5. (Left) Schematic representation of a process flow used to trim
photoresist features to achieve reduced critical dimensions in Si features. (Right)
TEM image of a cross-section of a 10 nm × 40 nm Si nanowire produced from SOI
using a 193 nm immersion lithography process incorporating resist trimming steps
and overetching.110
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However, even with such low ‘k’ values, achieving the high feature densities desired
for current semiconductor device production requires further process developments
such as, optical proximity correction (OPC), phase shift masks (PSM),111 and double
patterning (figure 1.6).112,110

Ultimately continued device scaling and increased

device density may require extreme ultra-violet (EUV) or x-ray lithography (XRL)
due to the dramatically reduced wavelengths of these techniques, typically 13.5 nm
for EUV and < 1 nm for XRL, compared to current UV lithography techniques.
Whilst short wavelength techniques like EUV and XRL offer significant potential for
nanolithography, they do have drawbacks. EUV lithography tools have to operate in
vacuum due to strong EUV absorption by air. Consequently, EUV resists should not
be volatile or swell or under vacuum.113 Additionally, the requirement for loading
and unloading wafers from vacuum chambers puts significant time demands on the
process.

Furthermore, shot noise, proximity effects and flare issues remain

outstanding, all of which will hinder the ultimate resolution of the lithography
process. XRL too has a number of issues which may prove to be prohibitive for
HVM. XRL requires synchrotron radiation sources which may prove to be too large
an investment for an unproven manufacturing process with considerable associated
risk. However, XRL does not demonstrate the significant, detrimental, radiationmaterial interactions observed for EUV and as such it remains a pursued and viable
option for further technological development.105
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Figure 1.6. Schematic of a number of approaches for double-patterning lithography.
CMP, refers to chemical mechanical planarisation. 104

The significant technological advancements in the field of optical lithography
outlined above demonstrate the suitability of these techniques to fabricate ordered
arrays of semiconductor nanowires with excellent control over placement and
feature-size. Lateral nanowires may be fabricated from layered substrates such as
silicon-on-insulator (SOI), or epitaxial thin films, prepared by molecular beam
epitaxy (MBE), or metal organic vapour phase epitaxy (MOVPE). Arrays of lateral
nanowires can be prepared by fabricating gratings or line structures in the resist
material and transferring the grating pattern to the substrate through the use of an
appropriate etch process.

Figure 1.5 displays a TEM image of a cross-section
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through a 10 nm wide Si nanowire fabricated from SOI using 193 nm immersion
lithography.

Similarly, vertical nanowires may be prepared from bulk or layered substrates by
using a resist mask consisting of dot or polygonal structures with maximum lateral
dimensions below 100 nm and transfer of the mask pattern deep in to the substrate,
again using an appropriate anisotropic etch process.114 Inductively coupled plasma
(ICP) and reactive ion etch (RIE) techniques are most commonly used for pattern
transfer, although anisotropic wet etch and metal assisted etch (MAE) procedures
have also been used. 115,114

1.3.2. Next Generation Lithography: Electron Beam Lithography and
Competing Techniques
A number of lithography processes are being considered to extend lithography
scaling beyond current UV lithography capabilities, for semiconductor device
manufacturing. These techniques include, electron beam lithography (EBL),116–118
nanoimprint lithography (NIL),119,120 x-ray lithography (XRL),121,122 extreme ultraviolet (EUV) lithography,123,124 scanning probe lithography (SPL),125 and electron
beam induced deposition (EBID) lithography.126–128 EBL is at the heart of many of
these techniques, including the optical lithography processes. EBL is generally used
for the fabrication of high-resolution photomasks for DUV, EUV and XRL. NIL
stamps are also produced using EBL direct-write processes. EBID lithography is
essentially an EBL process that incorporates the use of a gas injection system which
disperses a gaseous precursor that decomposes under the electron beam and
directionally deposits on the substrate surface forming a mask. As such, current and
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future VLSI manufacturing is heavily dependent on the development of EBL
processes and instrumentation. EBL has been shown to be capable of producing sub10 nm features at sub-20 nm pitches.129,130 Figure 1.7 displays examples of highresolution EBL processes used to produce line-widths as small as 4.5 nm at pitches
as low as 9 nm.

Figure 1.7. High resolution features produced by EBL: (a) 8 nm diameter strained nSi nanowires produced using a hydrogen silsesquioxane (HSQ) EBL process for gate
all-around FET devices and (b) nested lines at a pitch of 14 nm.130,118

However, the primary concern with the implementation of EBL techniques in HVM
is the low throughput of wafers due to the exposure times required for full wafer
layouts. Exposure times depend on several factors which include the tone of the
resist, the area of the wafer to be exposed, the electron beam current, electron
energy, and the sensitivity of the resist (electron dose required to completely
chemically alter the resist).105,131 Resist technology may have a significant role to
play in the reduction of EBL exposure times. Increasing the resist sensitivity will
significantly reduce the required time for exposure; however, increased sensitivity
should not compromise the ultimate resolution of the resist.

Hydrogen

silsesquioxane (HSQ), the smallest member of the polyhedral oligomeric
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silsesquioxane (POSS) family, is an example of one of the highest resolution
negative-tone EBL resists. However, HSQ exposure doses are considered too high
for use in HVM. Chemically amplified resists (CARs) have been developed with
significantly increased sensitivity with respect to HSQ, but these resists offer lower
ultimate resolution. The field of EBL resist research is an active one and recent
demonstrations of EBL using analogues of HSQ with increased electron beam
sensitivity are promising. 132

Multi-beam EBL systems are under development which will increase wafer
throughput either through beam-splitting techniques, or through the use of
instruments with multiple electron sources, however, the technology is still not
mature and as such has yet to be implemented on a HVM scale.133 Lee et al.134 have
reported a particularly innovative example of multi-beam EBL using a Si crystal as
an electron beam mask (figure 1.8). A transmission electron microscope (TEM) was
used to create arrays of electron beams where the shape and separation of the beams
was governed by the crystal structure and crystal orientation of the mask with respect
to the incident electron beam. Atomic resolution images of the Si crystal lattice were
magnified and projected onto HSQ films creating arrays of nanostructures in the
resist. This technique shows promise for increased throughput where periodic arrays
of simple nanoscale structures are desired.
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Figure 1.8. Arrays of HSQ nanostructures produced using projection of the atomic
lattice of a Si crystal (a) and (e) in a TEM. SEM images (b-d) and (f-h) respectively
show the critical dimension and pitch scaling of the structures with increasing TEM
magnification, 160 × (b,f), 200 × (c,g) and 300 × (d,h).134

Arrays of dot structures produced by EBL can be used to fabricate vertical nanowire
arrays through the use of a deep anisotropic etch.135–137 The use of an etch resistant
material to form the dot structures is paramount to facilitate deep etching to form
high aspect ratio nanowires. Typically, Al2O3, Al, and SiNx, have been used as etch
masks for vertical Si nanowire fabrication. Figure 1.9 shows an SEM image of
arrays of vertical Si nanowires produced using an EBL process.137
Commonly encountered issues for EBL processes include electron-substrate or
electron-resist interactions and surface charging of insulating substrates. Electronsubstrate and electron-resist effects can be grouped into three sub-classes, forward
scattered electrons (scattering angle < 90°), back-scattered electrons (scattering angle
> 90°) and secondary electrons.105
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Figure 1.9. SEM image of an array of 50 nm diameter Si nanowires etched into a Si
wafer. A sputtered Al2O3 hard mask, patterned by EBL was used as the Si etch
mask.137

Forward scattered electron effects are most important within the resist as electrons
which are forward scattered in the substrate have little contribution to resist
exposure. Forward scattering can be minimised by using a high accelerating voltage
(higher energy electrons) or a thinner resist layer. Backscattered electron exposure
effects are more prominent for high atomic weight (Z) materials and as such are
more commonly a consequence of electron-substrate interactions.

Secondary

electrons are the primary electron-solid interaction, and as such they make the largest
contribution to resist exposure.

Importantly, although secondary electrons are

responsible for most of the resist exposure, their path length in the resist is short,
typically < 10 nm, and as such these electrons do not have a significant contribution
to proximity effects. Proximity effects can largely be attributed to backscattered
electrons which experience large angle scattering and can commonly travel large
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distances laterally in the substrate and resist (~ 1 µm for 10 keV incident beam
energy).

Proximity effects due to electron-solid interactions can be corrected

through careful modelling of electron scattering, typically as a point spread function
(PSF) and the use of appropriate electron dose contour maps based on these
models.133,138 Experimentally derived data can also be used to develop PSFs for use
in proximity effect correction (PEC). PEC is particularly important for the exposure
of high density features and large structures where electron scattering effects become
prominent.

EBL on insulating substrates can be hampered due to surface charging upon electron
beam exposure.

Surface charging results in an associated electric field at the

substrate surface which acts to deflect the incident electron beam with detrimental
effects on the EBL process. Surface charging effects can be avoided by several
methods.

Deposition of a thin layer of conducting material (Au, Cr, Al or

conducting polymers) atop the resist can remove surface charging effects, with the
drawback of the introduction of an additional layer of material in the EBL process.
Conducting polymers such as ESPACER (Showa-Denko), a member of the
polythiophene family, are preferable to metals such as Au due to their superior
process compatibility.105 ESPACER is soluble in water and as such can be easily
removed following electron beam exposure and prior to developing the resist, where
as complete removal of Au and similar metals requires harsh etching conditions
which may alter the resist, and the substrate. Much work has been performed in the
field of electron-solid interactions and as such modelling and correcting undesired
electron-solid interactions is now possible.138

However, until EBL sample

throughput times are reduced to acceptable levels for HVM, EBL will remain
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confined to tasks such as quantum device demonstration, NIL stamp fabrication and
high-resolution photomask fabrication.

Electron beam induced deposition (EBID) can be used as a lithographic tool to
produce sub-10 nm features.139,127 As stated previously, EBID essentially involves
introducing a gaseous precursor species into the path of an electron beam in an EBL
system. The precursor decomposes upon electron beam exposure and directionally
deposits the solid decomposition product, typically a metal such as W, or Pt, on the
substrate. EBID is a capable lithographic tool for the production of devices on a
small scale.126 However, EBID suffers from inherent drawbacks such as metal
contamination of device structures and low throughput. EBID is more suited to
small-scale applications such as photomask defect repair.

Many of the issues associated with the implementation of EUV, and XRL techniques
in HVM have been discussed in the previous section.

NIL is a mechanical

lithography technique whereby a stamp or template created in a robust material,
usually Ni or Si, for thermal NIL; PDMS for soft NIL; and quartz for step and flash
NIL (S-FIL a trademark of Molecular Imprints Inc.), is pressed into a deformable
resist on a substrate. The resist is then hardened so that when the template is
removed the contours of the template are transferred to the resist. The patterned
resist can then be used for subsequent pattern transfer procedures. NIL is a relatively
inexpensive technique when compared to other nanolithography techniques and has
demonstrated the production of very fine features at high areal densities.119
Furthermore, NIL can be used to directly pattern interlayer dielectric (ILD) materials
such as low-k silsesquioxanes (SSQs) thus reducing the number of process steps
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required in the dual-damascene process typically used to form metallic
interconnects.140,141

However, there are outstanding issues concerning overlay

accuracy, defect density and throughput. Additionally, NIL may not be compatible
with pattern transfer to porous low-k materials used as back-end-of-line (BEOL)
insulators, which are inherently brittle and may be deformed by the pressure applied
during NIL.119

Scanning probe lithography (SPL) encompasses a range of lithography techniques
including, dip-pen nanolithography (DPN), local oxidation nanolithography (LON),
atomic force microscope (AFM) lithography and scanning tunnelling microscope
(STM) lithography. Common to these techniques is the use of a scanning nanoscale
probe, typically an AFM tip, to pattern a resist or substrate directly.142,143 In the case
of DPN an AFM tip is used to transfer a material to the surface which can
subsequently act as an etch mask or may act as an active device component itself.
LON is used to locally oxidise a material thus forming a patterned surface oxide by
applying a voltage bias between a conductive AFM tip and the substrate material in
the presence of water vapour to induce localised oxidation of the substrate through
electrochemical reaction with the water vapour. AFM lithography can operate in
contact mode or non-contact mode. Contact mode AFM lithography involves the
mechanical patterning of a substrate much like NIL. An AFM tip can be used to
scratch or stamp a pattern into a resist material or into the substrate itself. Noncontact mode AFM can be used to pattern materials through local oxidation of the
substrate surface as in the case of LON, through local heating of a resist material
using a heated AFM tip, or through local electron exposure via a field emission AFM
tip. 142,143 STM lithography has been used to produce nanostructures by a variety of
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means. Scappucci et al. have reported the use of STM to selectively dope regions on
a H-terminated Ge (100) surface where H atoms have been removed by STM, thus
creating doped nanowire structures.125 STM can also be used for the individual
manipulation of atoms on a surface to produced quantum structures, such as the
quantum corral reported by Crommie et al. in 1993 (figure 1.10).144

SPM

lithography techniques are inherently slow even when multiple probes are used.145
As such, low throughput will prevent such techniques from being used in HVM.143

Figure 1.10. False colour STM image of a quantum corral structure created by the
atomic manipulation of 48 Fe atoms on a Cu {111} surface. The Fe ring confines
the surface electron wavefunction of the defect free Cu surface within.144

1.3.3. Top-Down Semiconductor Nanowire Fabrication Outlook
Top-down semiconductor lithography processes have dominated the area of
semiconductor device definition and placement for decades. However, as the density
of devices on a chip continues to scale significant difficulties are encountered.
Techniques such as EBL and XRL with significantly reduced wavelengths, may
readily achieve the high densities of devices desired by the semiconductor industry,
however, there are a number of difficulties associated with the integration of these
short wavelength techniques in VLSI manufacturing.

Consequently, it seems
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increasingly likely that current top-down processes may have to ‘reach out’ to a
bottom-up technology to achieve the future goals of the semiconductor industry.

1.4. Integration of Bottom-Up and Top-Down Nanowire Fabrication
Processes
1.4.1. Directed Self-Assembly
Directed self-assembly (DSA) is an advanced lithographic process based on the selfassembly of block copolymers (BCPs). BCP self-assembly involves the bottom-up,
microphase separation of chemically different blocks within the BCP. Typically, AB diblock copolymers are used for DSA, where an A-B diblock copolymer consists
of a linear chain of a monomer A, joined at one end by a covalent bond, to a linear
chain of monomer B. When the two blocks, A and B, are sufficiently chemically
distinct from one another, they can microphase separate so as to minimise the
interaction volume of blocks A and B, whilst maximising the interaction volume
between similar blocks. The chemical interaction of the two blocks in a BCP is often
quantised by the Flory-Huggins interaction parameter (χ) for that BCP system which
is related to the enthalpy of mixing for that polymer system.146 Self-consistent mean
field theory has been used to generate theoretical phase diagrams for diblock
copolymer melts (figure 1.11).147 Mean field phase diagrams are presented as a plot
of χN against f, where N is the degree of polymerisation of the BCP and f is the
volume fraction of a reference block in the BCP.

χN is representative of the

thermodynamic driving force for microphase separation within the diblock
copolymer melt.

χ represents the enthalpic component and is inversely related to

temperature and directly related to polymer chain length, whilst N represents the
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entropic component, which depends on the chain length dependent number of
conformations that can be adopted by the polymer.

Figure 1.11. Phase diagram of a diblock copolymer as predicted by self-consistent
mean field theory.

Phases are labelled L (lamellar), H (hexagonally arranged

cylinders), Qla3̅d (bicontinuous Ia3̅d cubic), Qlm3̅m (body centred cubic spheres), CPS
(close packed spheres), and DIS (disordered).147

Figure 1.12 shows schematic examples of phase morphologies within a microphase
separated A-B diblock copolymer with increasing number fraction of block A (fA).146
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Figure 1.12. Schematic representation of the microphase morphologies of an A-B
diblock copolymer with increasing number fraction of block A from left to right.146

Lamellar and hexagonally close packed cylinder phases of BCPs are typically used
in DSA, where the phase of the BCP can be controlled through selection of
appropriate polymer fractions in the BCP, and suitable polymer chain lengths. The
microphase separation of BCPs can be guided both chemically and physically
through the use of careful templating techniques, i.e. directed self-assembly.
Physically guided microphase separation of a BCP is often termed graphoepitaxy.
DSA of lamella forming BCPs by graphoepitaxy, is generally achieved by creating
trenches on a substrate where the trench width is an integer multiple of the block
length.148,146 Similarly, chemically guided microphase separation of a BCP is termed
chemical epitaxy. DSA by chemical epitaxy is achieved using a substrate that has
been chemically patterned to induce ordering during microphase separation of the
BCP.149,150 Consequently, DSA by both graphoepitaxy and chemical epitaxy is
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Figure 1.13. Typical process flows used to produce DSA of BCPs via (a)
graphoepitaxy and (b) chemical epitaxy, respectively.150,151

heavily dependent on conventional lithographic techniques such as those outlined in
Section 1.3.
Ordered diblock copolymer films produced by DSA can be used as high-resolution
etch masks for semiconductor nanowire fabrication.

As such, DSA has gained

significant interest in the field of nanolithography in recent years. DSA offers a
number of advantages over conventional optical or direct-write lithography
techniques.

Firstly, DSA can achieve sub-lithographic resolution by pattern
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multiplication, thus increasing the density of features within low density patterns
produced by conventional optical or mask-less lithography techniques.152–155
Additionally, the resolution of block copolymer lithography can be controlled by
tuning the length of the polymer chains in the BCP. Reduction of the polymer chain
length results in an equivalent reduction in the domain dimensions within the
microphase separated BCP. Implementation of a pattern multiplication process in
current lithographic methods for VLSI manufacturing would remove the necessity
for complicated techniques such as double patterning and high density
lithography.149 DSA by chemical epitaxy has also been shown to exhibit self-healing
properties, whereby defects in templates used to guide microphase separation are
corrected in the extended pattern of the mask produced by DSA.156,157 Additionally,
DSA is a relatively inexpensive technique, depending on the process used to guide
microphase separation. DSA has the potential to offer very high throughput if it
were incorporated with current optical lithography processes, and can readily
achieve sub-20 nm critical dimensions by controlling the molecular weight of the
polymer blocks in the BCP. Furthermore, DSA has been shown to be capable of
producing device specific geometries such as bends, T-junctions and jogs.158,152
Parameters such as line-edge-roughness (LER) for DSA masks are determined by the
quality of the microphase separation and associated guiding technique as well as the
quality of the etch used to selectively remove one of the blocks of the BCP. LER
values as low as 1.95 nm (3σ) have been reported for lines produced by DSA of a
lamella forming BCP.149
However, there are a number of outstanding concerns associated with DSA as a
lithographic technique. The primary concern with the process is high defect density,
attributable to contamination, BCP purity, BCP molecular weight distribution,
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chemical uniformity of the substrate surface and defects within the DSA guiding
template. Additionally, BCP layers are often prepared as thin monolayers and often
have poor etch resistance, e.g. PMMA, PS.

Whilst the defect density in DSA masks is improving with increased research
investment, DSA processes still require further optimisation before they can be
integrated into a HVM landscape. Figure 1.14 shows an example of relatively large
area patterning achieved via the graphoepitaxy of PS-b-PDMS.153

Figure 1.14. (a) A schematic of the structure of PS-b-PDMS and the structure
formed by DSA. (b) SEM image showing large-scale alignment of PDMS lines
produced by the graphoepitaxy of PS-b-PDMS within 10 µm wide, PDMS brush
coated trenches etched in a Si wafer. (c) Higher magnification images of the aligned
PDMS lines. (d) FFT of the image in (b) consistent with excellent long-range
ordering.

(e) Grazing incidence small angle x-ray scattering (GISAXS) pattern

generated from a 1 cm2 area of the PDMS line pattern.153
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Chemical epitaxy DSA techniques can ‘heal’ defects present in the guiding template;
however, chemical epitaxy has not yet demonstrated pattern multiplication to the
extent of graphoepitaxy based techniques. Thus, it is likely that each approach,
chemical epitaxy and graphoepitaxy, will find their own niche application within the
semiconductor industry. Development of DSA masks with sufficient etch resistance
will depend on the specific process requirements. PS-b-PDMS for example, is a
promising material for DSA when a high etch resistance to Si etchants is required.
PDMS has an inorganic Si-O backbone and as such offers superior etch resistance
relative to organic polymers.

The outlook for DSA is promising. DSA has already demonstrated the requisite
resolution capabilities for continued device scaling outlined within the International
Technology Roadmap for Semiconductors (ITRS), defect density levels are dropping
with continued research investment and issues regarding production of device
specific geometries appear to be resolvable using chemical epitaxy approaches.149
LER and CD control issues also need to be addressed to meet ITRS specifications.149
Theoretical models predict LER to be related to χ-0.5, in which case, BCP systems
with high χ values such as PS-b-PDMS (χ ~ 0.26 at room temperature) are worthy of
further investigation.153

Self-assembly of cylinder and sphere forming BCPs has also been used to produce
ordered arrays of metal nanoparticles by both additive159 and subtractive160,
processes. These metal nanoparticles may then be used to produce epitaxial growth
of semiconductor nanowires by means of the relevant techniques outlined in Section
1.2. Furthermore, the metal nanoparticles may be used as etch masks to produced
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ordered arrays of vertical nanowires by a top-down approach. The use of BCP films
to template catalysts for epitaxial nanowire growth and to template hard masks for
top-down vertical nanowire array formation is an example of a synergistic process,
employing both bottom-up and top-down methods. This synergistic process is to
date, a poorly explored application of BCP lithography which warrants further
investigation.

DSA is a promising blend of top-down and bottom-up techniques for advanced
lithography applications. DSA allows a route to increased pattern resolution and
feature density relative to conventional optical lithographic means, and whilst
concerns still exist over LER, CD control and reproducibility, these concerns are
gradually being improved by continued advances in the field. DSA depends on
conventional lithography techniques such as optical lithography, interference
lithography and EBL to form guiding templates to direct the self-assembly of BCPs
and as such it will remain a complementary lithography technique. However, if and
when the issues associated with DSA are resolved, this lithography technique may
alleviate the growing demands on optical lithography and EUV for continued device
scaling, thus extending the use of current optical lithography techniques in VLSI
manufacturing.

1.4.2. EBL Catalyst Placement for Bottom-Up Nanowire Growth
EBL is a suitable tool for the preparation of ordered arrays of metal nanoparticles by
subtractive or additive processes. Ordered arrays of metal nanoparticles can be
readily prepared using a positive tone EBL process to generate a metal lift-off
mask.161,16,81,72 This process can be used to produce epitaxial nanowire growth via a
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VLS-type mechanism through careful control of the metal substrate interface, and
choice of an appropriate substrate material, using nanowire growth methods such as
those outlined in section 1.2. Coupling EBL and self-assembly of BCPs allows the
production of defect free high-density arrays of dot structures.162

1.4.3. Nanosphere Lithography
Nanosphere lithography (NSL) can be used to produce ordered arrays of vertical
nanowires. NSL uses the bottom-up self assembly of spherical particles, such as
polystyrene spheres, to create dot/anti-dot arrays on the surface of a substrate, which
then may be used to transfer the pattern to the substrate creating structures such as
vertically aligned nanowire arrays.163–166 NSL can be used to produce arrays of
vertical Si nanowires using a metal-assisted etching approach as shown in figure
1.15 below. Combined use of NSL and metal-assisted etching (MAE) provides a
route to forming arrays of long (> 10 µm) Si nanowires which have applications in
fields such as vertical ICs and solar cells (figure 1.14).166 NSL can also be used to
create an anti-dot array mask for the evaporation of arrays of metal nanoparticles for
use as catalysts for epitaxial nanowire growth.163

1.4.4. Miscellaneous Synergistic Nanowire Fabrication Processes
A range of processes exist which use both bottom-up and top-down techniques in
tandem to produce semiconductor nanowires. One example of such a technique is
the supperlattice nanowire pattern transfer (SNAP) technique.167

The SNAP

technique is based on the formation of a stamp by selectively etching one of the
layers in a superlattice material grown by a bottom-up epitaxy technique, such as
MBE. Angular deposition of a metal on the etched superlattice then allows creation
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Figure 1.15. Schematic of NSL process for the fabrication of vertical Si nanowire
arrays via MAE.165,168

of a metal stamp which is pressed against the material of choice producing a metal
grating which acts as an etch mask for the fabrication of nanowire arrays by pattern
transfer. Figure 1.16 shows a schematic of the SNAP process. The SNAP process
has been used successfully to produce arrays of Si nanowires from SOI, as well as
metal nanowires formed directly from the stamp. However, the technique is limited
in terms of the geometries of the structures that can be produced, and the complexity
of the process for large-scale nanowire fabrication. Furthermore, the SNAP
Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms
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Figure 1.16. Schematic of the SNAP process for production of aligned nanowires.167

technique is susceptible to many of the pitfalls associated with NIL outlined in
section 1.3.2.
NIL can be used to created arrays of metal nanoparticles for bottom-up nanowire
growth.169

This process involves imprinting a bilayer positive-tone resist,

developing the imprinted resist and evaporating a metal layer to produce arrays of
metal nanoparticles by lift-off. The metal nanoparticles can subsequently be used as
catalysts for nanowire array production by standard nanowire growth procedures.

AAO membranes with HCP pore arrangements are formed by a bottom-up process,
as discussed in Section 1.2.2. These ordered porous membranes can be used as
masks to produce patterned metal films on Si substrates for MAE of Si, producing
ordered arrays of vertical Si nanowires.170,171 MAE techniques using patterned metal
layers are successful at producing dense, ordered arrays of vertical nanowires with
high aspect ratios. However, as with all MAE techniques, the nanowires produced
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have rough sidewalls thus inhibiting their use in logic applications where surface
scattering of charge carriers is a significant drawback.165,172 Nanowires produced by
these methods are likely to find applications in solar cell, thermoelectric generator,
sensor or battery anode applications where the increased surface area of nanowires
with rough sidewalls may be beneficial to device performance.173,174

Ion track-etched membranes are an example of another nanowire template material.
These membranes are formed in a top-down process by ion etching of a polymer
material, producing cylindrical or tapered pores.

Infilling ion track-etched

membranes by methods such as electrodeposition can produce arrays of
nanowires.175 Whilst this method can be used to produce some interesting network
structures (figure 1.17), it is unlikely to find use in VLSI manufacturing due to the
complexity of the process and the difficulty producing single-crystalline materials
within these membranes.

Figure 1.17. SEM images of polycrystalline Pt nanowire networks produced within
ion track etched membranes: (a) low magnification SEM images of Pt nanowire
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networks, (b) high magnification SEM image of nanowire junctions and (c) crosssection of a nanowire network composed of 35 nm diameter nanowires.176

1.5. Emerging Semiconductor Nanowire Materials
1.5.1. High Mobility Materials for Next Generation CMOS Devices
High charge carrier mobility materials have been subject to significant research
investigation in the past few decades.

These materials offer increased

transconductance relative to Si, and as such, devices constructed from these
materials may achieve similar drive current at lower power, or operate as high
performance devices at equivalent power, to current Si devices.177 Many materials
are under consideration for integration in future CMOS devices due to their
increased charge carrier mobility relative to Si.177–179,12 Ge, for example, exhibits
hole mobility over four times that of Si, and as such is a strong contender for use in
future p-FET devices. Likewise, InSb, InAs and graphene demonstrate massively
increased electron mobility relative to Si.178,180

However, these high mobility

materials are not without their drawbacks. Often, Ge and III-V materials possess
complex native oxides with poor chemical or electrical properties for device
fabrication.93 GeO2, a component of the complex native oxide on Ge crystals, is
water soluble and as such must be removed or capped with a more suitable material
to facilitate processing steps involved in device manufacturing. Additionally, GeO,
another component of the native oxide on Ge, desorbs at temperatures above 400 °C,
which may result in detrimental effects on overlying layers during annealing steps in
device manufacturing. Chapter 3 considers issues associated with a high-resolution
negative-tone EBL process on the complex native oxide of Ge surfaces.
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Similar difficulties have been reported for III-V materials such as GaAs and In1xGaxAs,

whose complex native oxides prevent the formation of a stable

semiconductor-insulator interface. The result is a high density of interface states at
the semiconductor-insulator interface in the gate stack.92,181 Interface states often lie
near the mid band-gap of the semiconductor and can lead to Fermi-level pinning at
the semiconductor surface.

Fermi-level pinning can result in a number of

detrimental effects on device performance, including, rectifying characteristics in
metal-semiconductor contacts, and depletion of free charge carriers in the device
channel at the semiconductor-insulator interface. 182,88 Interface states result from
unsaturated surface atoms, which act as charge acceptors and donors at the
semiconductor surface. Consequently, reduction of the density of interface states is
dependent on the formation of a stable and saturated semiconductor surface. There
have been significant investigations into improvement of the electrical and chemical
interfaces with these materials to facilitate their integration within next generation
CMOS devices. The use of a capping Si layer of the order of a few monolayers
thickness has been successful in reducing the density of interface states (Dit) in GaAs
from 10 13 cm-2 eV-1 to 1011 cm-2 eV-1.181 Similarly, deposition of SiO2 directly on an
untreated Ge surface results in a relatively high Dit of 1013 cm-2 eV-1, whilst,
formation of a Ge(100)/GeOxNy/HfO2/Pt gate stack produced a Dit of 3 × 1011 cm-2 eV1 92,93

.

A further promising route toward improving the interface of inorganic

semiconductor materials with gate-dielectric layers may be through the use of an
appropriate organic dielectric material chemically tethered to the semiconductor.
Extensive research has been pursued in the field of chemical functionalisation of Ge
and III-V surfaces with high coverage of organic ligands.183–185 High-k organic gatedielectrics have been investigated primarily for use with organic FET devices, and

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

42

Chapter 1:Introduction

have demonstrated competitive levels of performance when compared with current
VLSI devices.186 Consequently, the molecular tethering of high-k organic molecules
directly to these surfaces may allow a route to high-k insulating layers with low Dit,
thus improving device performance.

Graphene has demonstrated impressive electrical performance in reported device
applications with charge carrier mobilities as high as 230000 cm2V-1s-1.187 However,
there are a number of outstanding concerns with regard to the integration of
graphene in VLSI manufacturing. Firstly, pristine graphene is a zero-gap semi-metal
and as such exhibits poor switching behaviour for logic device applications.
Significant efforts have been made to introduce a large and reproducible band-gap
into graphene. These efforts have included quantum confinement of graphene within
graphene nanoribbon (GNR) structures, doping, edge functionalisation and use of
bilayer graphene.187 Additionally, there are serious concerns regarding graphene
processing for device fabrication. Production of large area, single layer graphene is
a challenging task, and handling such a delicate material has associated difficulties.
Metals and gate-oxides exhibit poor adhesion to graphene and graphene layers are
extremely vulnerable to plasma induced damage.188 Despite the many concerns
regarding implementation of graphene in CMOS manufacturing, it maintains a
massive research impetus and is firmly implanted on the ITRS for continued
investigation.12

Similarly, carbon nanotube (CNT) structures have been investigated heavily for use
as FET semiconductor channels and as metallic interconnect materials.189

The

primary difficulty with CNT material preparation for FET and interconnect
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applications is controlling the electronic band structure of the material, which is
dependent on CNT growth direction, and diameter.190

Furthermore, CNTs are

subject to alignment and integration issues inherent to bottom-up nanowire and
nanotube synthesis techniques as outlined in section 1.2.2.

1.5.2. Thermoelectric Nanowires
Thermoelectric materials are of great interest for energy recovery devices.

A

massive amount of waste heat energy is generated annually by processes such as
hydrocarbon fuelled heat engines and integrated circuits.174

Thermoelectric

materials may allow a route to recover large amounts of this waste energy by
converting the waste heat energy to electricity. The efficiency of thermoelectric
materials is characterised by their thermoelectric figure of merit ZT191, which can be
determined using equation 1.2, where S represents the Seebeck coefficient, T is
absolute temperature, ρ is electrical resistivity and kT is the total thermal
conductivity, which is the sum of lattice and electronic thermal conductivities.

ZT =

S 2T
ρkT

(1.2)

Bi2Te3 and Bi2Se3 and alloys thereof, are promising materials for thermoelectric
applications due to their high demonstrated values of ZT.191,7 Dresselhaus and coworkers suggested over 20 years ago that one-dimensional forms of thermoelectric
materials would display enhanced thermoelectric properties relative to bulk
counterparts, due to reduced thermal conductivity in the 1-D structures associated
with confinement of phonons in the material.

Consequently, thermoelectric
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nanowire materials are an area of great interest for heat energy recovery and
conversion. Chapter 4 outlines a route to the production of Bi2Se3 nanoribbons from
MBE grown thin films using high-resolution EBL.

In particular, this work

highlights the importance of surface preparation to facilitate the use of a HSQ EBL
process.

1.6. Nanowire Fabrication Outlook
The continued scaling of semiconductor devices in the VLSI industry has created a
landscape where the introduction of nanowire or nanoribbon devices into mass
production seems increasingly likely. As the density of semiconductor devices in
VLSI architectures increases there has been an associated shift of the semiconductor
channel from a planar orientation, to the recently developed fin structure where the
semiconductor channel is raised above the surface of the Si wafer.

A natural

progression from the finFET or tri-gate structure would appear to be a nanowire
structure, be it lateral – parallel to the substrate – or vertical. The benefits of
nanowires have been highlighted for a number of years now.

Semiconductor

nanowires allow production of gate all around (GAA) devices which offer superior
control of the device channel and thus improved switching speed and on/off ratios.
A nanowire structure can also be used to create quantum well, core-shell structures
with improved electrical transport properties relative to standard structures.
Nanowires may also incorporate strain, a prerequisite in current VLSI
devices192,112,193, through the incorporation of dopants or a lattice mismatched shell
material.194,195
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The exact fabrication route to future semiconductor nanowire-based integrated
circuits is as yet, unclear; however, it is quite probable that the route will incorporate
both top-down and bottom-up techniques in tandem to allow a scalable path to
nanowire integrated circuit fabrication. Bottom-up nanowire growth processes allow
routes to structures that may not be produced by top-down means. Bottom-up grown
semiconductor nanowires often exhibit faceted surfaces that may not be achieved by
top-down fabrication. Control of the crystal surface facets formed during nanowire
growth, may allow control over the density of interface states formed at nanowire
surfaces, which is particularly important for Ge and III-V materials to develop
improved device performance. Top-down processes such as optical and electron
beam lithography consistently demonstrate their superiority in the nanometre control
of device definition and placement.

DSA of BCP films is an example of the

synergistic cooperation of a bottom-up self-assembly process and traditional topdown lithography, allowing routes to aligned pattern multiplication, which is not
feasible by either technique alone. As such, a conservative prediction would be that
future nanowire-based electronics will be fabricated by a cooperative mix of both
bottom-up and top-down processes.

1.7. Thesis Summary
Chapter 3 of this thesis highlights a novel synthetic, bottom-up route to the
production of Ge nanowires with controlled diameter distributions in the absence of
metal seed catalyst particles.

The research outlines a plausible crystal growth

mechanism for the nanowires based on the observations during extensive structural
characterisation of the nanowires.
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Chapter 4 details a high-resolution top-down route to the fabrication of aligned Ge
and Bi2Se3 nanowire arrays using electron beam lithography (EBL). In particular,
this chapter details the careful chemical treatment of Ge and Bi2Se3 crystal surfaces
to remove native oxide components that impede high-resolution EBL using a
negative-tone hydrogen silsesquioxane (HSQ) EBL resist.
Chapter 5 highlights the capabilities of high resolution EBL in creating Si nanowire
arrays and in the directed self-assembly (DSA) of a diblock copolymer for sub-20
nm advanced lithography applications.

1.8. Bibliography
1.

S. Barth, F. Hernandez-Ramirez, J. D. Holmes, and A. Romano-Rodriguez,
Prog. Mater. Sci., 2010, 55, 563.

2.

C. M. Lieber and Z. L. Wang, MRS Bull., 2007, 32, 99.

3.

O. Hayden, R. Agarwal, and C. M. Lieber, Nat. Mater., 2006, 5, 352.

4.

Z. Fan, J. C. Ho, Z. A. Jacobson, H. Razavi, and A. Javey, PNAS, 2008, 105,
11066.

5.

C. Soci, A. Zhang, X.-Y. Bao, H. Kim, Y. Lo, and D. Wang, J. Nanosci.
Nanotechnol., 2010, 10, 1430.

6.

K. E. Fischer, B. J. Alemán, S. L. Tao, R. H. Daniels, E. M. Li, M. D. Bünger,
G. Nagaraj, P. Singh, A. Zettl, and T. A. Desai, Nano Lett., 2009, 9, 716.

7.

G. J. Snyder and E. S. Toberer, Nat. Mater., 2008, 7, 105.

8.

C. K. Chan, H. Peng, G. Liu, K. Mcilwrath, X. F. Zhang, R. A. Huggins, and
Y. Cui, Nat. Nanotechnol., 2008, 3, 31.

9.

E.-S. Liu, J. Nah, K. M. Varahramyan, and E. Tutuc, Nano Lett., 2010, 10,
3297.

10.

D. D. Awschalom and M. E. Flatte, Nat. Phys., 2007, 3, 153.

11.

C. Gould, K. Pappert, G. Schmidt, and L. W. Molenkamp, Adv. Mater., 2007,
19, 323.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

47

Chapter 1:Introduction

12.

International Technology Roadmap for Semiconductors: 2010 Update
Overview, 2010.

13.

D. Ford, www.isuppli.com, 2010.

14.

R. S. Wagner and W. C. Ellis, Appl. Phys. Lett., 1964, 4, 89.

15.

J. D. Holmes, K. P. Johnston, R. C. Doty, and B. A. Korgel, Science, 2000,
287, 1471.

16.

S. A. Dayeh and S. T. Picraux, Nano Lett., 2010, 10, 4032.

17.

S. Barth, J. J. Boland, and J. D. Holmes, Nano Lett., 2011, 11, 1550.

18.

W. Lu, J. Xiang, B. P. Timko, Y. Wu, and C. M. Lieber, PNAS, 2005, 102,
10046.

19.

A. M. Chockla and B. A. Korgel, J. Mater. Chem., 2009, 996.

20.

T. Hanrath and B. A. Korgel, J. Am. Chem. Soc., 2002, 124, 1424.

21.

N. Zaitseva, J. Harper, D. Gerion, and C. Saw, Appl. Phys. Lett., 2005, 86,
053105.

22.

A. T. Heitsch, D. D. Fanfair, H.-Y. Tuan, and B. A. Korgel, J. Am. Chem.
Soc., 2008, 130, 5436.

23.

C. Chèze, L. Geelhaar, A. Trampert, O. Brandt, and H. Riechert, Nano Lett.,
2010, 10, 3426.

24.

J. L. Lensch-Falk, E. R. Hemesath, F. J. Lopez, and L. J. Lauhon, J. Am.
Chem. Soc., 2007, 129, 10670.

25.

R.-Q. Zhang, Y. Lifshitz, and S.-T. Lee, Adv. Mater., 2003, 15, 635.

26.

B. A. Wacaser, K. A. Dick, J. Johansson, M. T. Borgstrom, K. Deppert, and L.
Samuelson, Adv. Mater., 2009, 21, 153.

27.

R. G. Hobbs, S. Barth, N. Petkov, M. Zirngast, C. Marschner, M. A. Morris,
and J. D. Holmes, J. Am. Chem. Soc., 2010, 132, 13742.

28.

J. B. Baxter, F. Wu, and E. S. Aydil, Appl. Phys. Lett., 2003, 83, 3797.

29.

M. J. Bierman, Y. K. A. Lau, A. K. Kvit, A. L. Schmitt, and S. Jin, Science,
2008, 320, 1060.

30.

L. E. Greene, M. Law, D. H. Tan, M. Montano, and J. Goldberger, Nano Lett.,
2005, 5, 1231.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

48

Chapter 1:Introduction

31.

L. E. Greene, M. Law, J. Goldberger, F. Kim, J. C. Johnson, Y. Zhang, R. J.
Saykally, and P. Yang, Angew. Chem. Int. Ed., 2003, 42, 3031.

32.

R. L. Woo, L. Gao, N. Goel, M. K. Hudait, K. L. Wang, S. Kodambaka, and
R. F. Hicks, Nano Lett., 2009, 6, 2207.

33.

M.-S. Park, G.-X. Wang, Y.-M. Kang, D. Wexler, S.-X. Dou, and H.-K. Liu,
Angew. Chem., 2007, 119, 764.

34.

E. A. Stach, P. J. Pauzauskie, T. Kuykendall, J. Goldberger, R. He, and P.
Yang, Nano Lett., 2003, 3, 867.

35.

B.-S. Kim, T.-W. Koo, J.-H. Lee, D. S. Kim, Y. C. Jung, S. W. Hwang, B. L.
Choi, E. K. Lee, J. M. Kim, and D. Whang, Nano Lett., 2009, 9, 864.

36.

C. B. Collins, R. O. Carlson, and C. J. Gallagher, Phys. Rev., 1957, 105, 1168.

37.

P. M. Fahey, P. B. Griffin, and J. D. Plummer, Rev. Mod. Phys., 1989, 61,
289.

38.

E. Koren, G. Elias, A. Boag, E. R. Hemesath, L. J. Lauhon, and Y.
Rosenwaks, Nano Lett., 2011, 11, 2499.

39.

R. Koch and A. Hartstein, Phys. Rev. Lett., 1985, 54, 1848.

40.

K. Bradley, J. Cumings, A. Star, J.-C. P. Gabriel, and G. Gruner, Nano Lett.,
2003, 3, 639.

41.

W. Molnar, A. Lugstein, P. Pongratz, N. Auner, C. Bauch, and E. Bertagnolli,
Nano Lett., 2010, 10, 3957.

42.

K. Kang, D. A. Kim, H.-S. Lee, C.-J. Kim, J.-E. Yang, and M.-H. Jo, Adv.
Mater., 2008, 20, 4684.

43.

V. Schmidt, J. V. Wittemann, S. Senz, and U. Gosele, Adv. Mater., 2009, 21,
2681.

44.

Y. Wang, V. Schmidt, S. Senz, and U. Gosele, Nat. Nanotechnol., 2006, 1,
186.

45.

R. Duffy, M. Shayesteh, B. McCarthy, A. Blake, M. White, J. Scully, R. Yu,
A.-M. Kelleher, M. Schmidt, N. Petkov, L. Pelaz, and L. A. Marqués, Appl.
Phys. Lett., 2011, 99, 131910.

46.

N. Pradhan, H. Xu, and X. Peng, Nano Lett., 2006, 6, 720.

47.

K.-S. Cho, D. V. Talapin, W. Gaschler, and C. B. Murray, J. Am. Chem. Soc.,
2005, 127, 7140.

48.

J. Noborisaka, J. Motohisa, and T. Fukui, Appl. Phys. Lett., 2005, 86, 213102.
Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

49

Chapter 1:Introduction

49.

K. Tomioka, J. Motohisa, S. Hara, and T. Fukui, Nano Lett., 2008, 8, 3475.

50.

R. Calarco, M. Marso, T. Richter, A. I. Aykanat, R. Meijers, A. van der Hart,
T. Stoica, and H. Lüth, Nano Lett., 2005, 5, 981.

51.

N. Wang, Y. Cai, and R. Q. Zhang, Mater. Sci. Eng., R, 2008, 60, 1.

52.

Q. Yan, H. Chen, W. Zhou, H. H. Hng, F. Boey Yin Chiang, and J. Ma,
Chem. Mater., 2008, 20, 6298.

53.

Y. Sun, B. Gates, B. Mayers, and Y. Xia, Nano Lett., 2002, 2, 165.

54.

Y.-wook Jun, J.-sil Choi, and J. Cheon, Angew. Chem. Int. Ed., 2006, 45,
3414.

55.

B. Gates, B. Mayers, B. Cattle, and Y. Xia, Adv. Func. Mater., 2002, 12, 219.

56.

S. Kumar and T. Nann, Small, 2006, 2, 316.

57.

K. M. Ryan, A. Mastroianni, K. A. Stancil, H. Liu, and A. P. Alivisatos, Nano
Lett., 2006, 6, 1479.

58.

C. H. Lee, D. R. Kim, and X. Zheng, Nano Lett., 2010, 10, 5116.

59.

S. Raychaudhuri, S. A. Dayeh, D. Wang, and E. T. Yu, Nano Lett., 2009, 9,
2260.

60.

E. M. Freer, O. Grachev, X. Duan, S. Martin, and D. P. Stumbo, Nat.
Nanotechnol., 2010, 5, 525.

61.

Y. Huang, X. Duan, Q. Wei, and C. M. Lieber, Science, 2001, 291, 630.

62.

Z. Fan, J. C. Ho, Z. A. Jacobson, R. Yerushalmi, R. L. Alley, H. Razavi, and
A. Javey, Nano Lett., 2008, 8, 20.

63.

H. Yan, H. S. Choe, S. Nam, Y. Hu, S. Das, J. F. Klemic, J. C. Ellenbogen,
and C. M. Lieber, Nature, 2011, 470, 240.

64.

W. S. Wong, S. Raychaudhuri, R. Lujan, S. Sambandan, and R. A. Street,
Nano Lett., 2011, 11, 2214.

65.

R. Sharma and M. S. Strano, Adv. Mater., 2009, 21, 60.

66.

C. Zhang, X. Zhang, X. Zhang, X. Fan, J. Jie, J. C. Chang, C.-S. Lee, W.
Zhang, and S.-T. Lee, Adv. Mater., 2008, 20, 1716.

67.

Z. Wang, R. Bao, X. Zhang, X. Ou, C.-S. Lee, J. C. Chang, and X. Zhang,
Angew. Chem. Int. Ed., 2011, 50, 2811.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

50

Chapter 1:Introduction

68.

H. J. Joyce, Q. Gao, H. H. Tan, C. Jagadish, Y. Kim, X. Zhang, Y. Guo, and J.
Zou, Nano Lett., 2007, 7, 921.

69.

T. Kuykendall, P. J. Pauzauskie, Y. Zhang, J. Goldberger, D. Sirbuly, J.
Denlinger, and P. Yang, Nat. Mater., 2004, 3, 524.

70.

J. H. Woodruff, J. B. Ratchford, I. A. Goldthorpe, P. C. McIntyre, and C. E.
D. Chidsey, Nano Lett., 2007, 7, 1637.

71.

Y. Sierra-Sastre, S. A. Dayeh, S. T. Picraux, and C. A. Batt, ACS Nano, 2010,
4, 1209.

72.

L. E. Jensen, M. T. Bjork, S. Jeppesen, A. I. Persson, B. J. Ohlsson, and L.
Samuelson, Nano Lett., 2004, 4, 1961.

73.

A. Lugstein, M. Steinmair, Y. J. Hyun, G. Hauer, and E. Bertagnolli, Nano
Lett., 2008, 8, 2310.

74.

T. Shimizu, T. Xie, J. Nishikawa, S. Shingubara, S. Senz, and U. Gösele, Adv.
Mater., 2007, 19, 917.

75.

N. Petkov, P. Birjukovs, R. Phelan, M. A. Morris, D. Erts, and J. D. Holmes,
Chem. Mater., 2008, 20, 1902.

76.

O. Jessensky, F. Müller, and U. Gösele, Appl. Phys. Lett., 1998, 72, 1173.

77.

A. Lugstein, M. Steinmair, C. Henkel, and E. Bertagnolli, Nano Lett., 2009, 9,
1830.

78.

P. Manandhar, E. A. Akhadov, C. Tracy, and S. T. Picraux, Nano Lett., 2010,
10, 2126.

79.

C. Thelander, L. E. Fröberg, C. Rehnstedt, L. Samuelson, and L.-E.
Wernersson, IEEE Electron Device Lett., 2008, 29, 206.

80.

T. Bryllert, L.-E. Wernersson, T. Löwgren, and L. Samuelson,
Nanotechnology, 2006, 17, S227.

81.

T. Bryllert, L.-E. Wernersson, L. E. Fröberg, and L. Samuelson, IEEE
Electron Device Lett., 2006, 27, 323.

82.

H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. P. Chen, and M. Meyyappan,
Nano Lett., 2004, 4, 1247.

83.

J. Goldberger, A. I. Hochbaum, R. Fan, and P. Yang, Nano Lett., 2006, 6, 973.

84.

V. Schmidt, H. Riel, S. Senz, S. Karg, W. Riess, and U. Gçsele, Small, 2006,
2, 85.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

51

Chapter 1:Introduction

85.

J. Kavalieros, B. Doyle, S. Datta, G. Dewey, M. Doczy, B. Jin, D. Lionberger,
M. Metz, W. Rachmady, M. Radosavljevic, U. Shah, N. Zelick, and R. Chau,
in VLSI Tech. Dig. Tech. Pap., 2006, p. 50.

86.

J. Hu, H.-S. P. Wong, and K. Saraswat, MRS Bull., 2011, 36, 112.

87.

W.-Y. Loh and B. Coss, MRS Bull., 2011, 36, 97.

88.

S. M. Sze, Physics of Semiconductor Devices, John Wiley & Sons, Ltd., New
York, 2nd edn., 1981.

89.

T. Shinada, S. Okamoto, T. Kobayashi, and I. Ohdomari, Nature, 2005, 437,
2003.

90.

D. E. Perea, E. R. Hemesath, E. J. Schwalbach, J. L. Lensch-Falk, P. W.
Voorhees, and L. J. Lauhon, Nat. Nanotechnol., 2009, 4, 315.

91.

T. Hanrath and B. A. Korgel, J. Phys. Chem. B, 2005, 109, 5518-5524.

92.

R. M. Wallace, P. C. McIntyre, J. Kim, and Y. Nishi, MRS Bull., 2009, 34,
493.

93.

M. Houssa and E. Chagarov, MRS Bull., 2009, 34, 504.

94.

A. M. Morales and C. M. Lieber, Science, 1998, 279, 208.

95.

C. S. Lao, J. Liu, P. Gao, L. Zhang, D. Davidovic, R. Tummala, and Z. L.
Wang, Nano Lett., 2006, 6, 263.

96.

P. Meduri, C. Pendyala, V. Kumar, G. U. Sumanasekera, and M. K. Sunkara,
Nano Lett., 2009, 9, 612.

97.

G. Zhang, W. Wang, and X. Li, Adv. Mater., 2008, 20, 3654.

98.

L. Li, Z. Yang, H. Gao, H. Zhang, J. Ren, X. Sun, T. Chen, H. G. Kia, and H.
Peng, Adv. Mater., 2011, 1-6.

99.

P. Nguyen, H. T. Ng, T. Yamada, M. K. Smith, J. Li, J. Han, and M.
Meyyappan, Nano Lett., 2004, 4, 651.

100. F. Wang, A. Dong, J. Sun, R. Tang, H. Yu, and W. E. Buhro, Inorg. Chem.,
2006, 45, 2051.
101. F. Wang, H. Yu, S. Jeong, J. M. Pietryga, J. A. Hollingsworth, P. C. Gibbons,
and W. E. Buhro, ACS Nano, 2008, 2, 1903.
102. R. F. Pease and S. Y. Chou, Proc. IEEE, 2008, 96, 248.
103. H. Sewell and J. Mulkens, Annu. Rev. Mater. Res., 2009, 39, 127.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

52

Chapter 1:Introduction

104. R. H. French and H. V. Tran, Annu. Rev. Mater. Res., 2009, 39, 93.
105. P. Rai-Choudury, Ed., in Handbook of Microlithography, Micromachining,
and Microfabrication, SPIE-International Society for Optical Engineering,
Bellingham, Washington, 1997.
106. A. Isoyan, A. Wüest, J. Wallace, F. Jiang, and F. Cerrina, Opt. Express, 2008,
16, 9106.
107. Y. Ekinci, H. Solak, C. Padeste, J. Gobrecht, M. Stoykovich, and P. Nealey,
Microelectron. Eng., 2007, 84, 700.
108. B. Paivanranta, A. Langner, E. Kirk, C. David, and Y. Ekinci,
Nanotechnology, 2011, 22, 375302.
109. C. Noelscher, M. Heller, M. Markert, D. Temmler, F. Jauzion-Graverolle, N.
Morgana, U. Scheler, H. Bee-Kim, U. Egger, V. Timoshkov, and M. Vogt, J.
Micro/Nanolithogr. MEMS MOEMS, 2009, 8, 011005.
110. E. Altamirano-Sanchez, V. Paraschiv, M. Demand, and W. Boullart,
Microelectron. Eng., 2011.
111. M. Fritze, B. M. Tyrrell, D. K. Astolfi, R. D. Lambert, D.-R. W. Yost, A. R.
Forte, S. G. Cann, and B. D. Wheeler, Lincoln Laboratory Journal, 2003, 14,
237-250.
112. K. J. Kuhn, in Advanced Semiconductor Manufacturing Conference, IEEE,
2010, vol. 97124, p. 241.
113. K. Kemp and S. Wurm, C. R. Phys., 2006, 7, 875.
114. C. Pan, Z. Luo, C. Xu, J. Luo, R. Liang, G. Zhu, W. Wu, W. Guo, X. Yan, J.
Xu, Z. L. Wang, and J. Zhu, ACS Nano, 2011, 5, 6629.
115. G. Pennelli, Microelectron. Eng., 2009, 86, 2139.
116. J.-P. Colinge, C.-W. Lee, A. Afzalian, N. D. Akhavan, R. Yan, I. Ferain, P.
Razavi, B. O’Neill, A. Blake, M. White, A.-M. Kelleher, B. McCarthy, and R.
Murphy, Nat. Nanotechnol., 2010, 5, 225.
117. K. Trivedi, H. Yuk, H. C. Floresca, M. J. Kim, and W. Hu, Nano Lett., 2011,
11, 1412.
118. P. Hashemi, L. Gomez, and J. L. Hoyt, IEEE Electron Device Lett., 2009, 30,
401.
119. E. a. Costner, M. W. Lin, W.-L. Jen, and C. G. Willson, Annu. Rev. Mater.
Res., 2009, 39, 155.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

53

Chapter 1:Introduction

120. A. A. Talin, L. L. Hunter, F. Léonard, and B. Rokad, Appl. Phys. Lett., 2006,
89, 153102.
121. Y. Vladimirsky, A. Bourdillon, O. Vladimirsky, W. Jiang, and Q. Leonard, J.
Phys. D: Appl. Phys., 1999, 32, 114.
122. A. J. Bourdillon, C. B. Boothroyd, G. P. Williams, and Y. Vladimirsky, J.
Phys. D: Appl. Phys., 2003, 36, 2471.
123. P. P. Naulleau, C. N. Anderson, P. Denham, S. George, K. A. Goldberg, M.
Goldstein, B. Hoef, G. Jones, C. Koh, B. L. Fontaine, W. Montgomery, and T.
Wallow, J. Vac. Sci. Technol. B, 2009, 27, 2911.
124. A. Veloso, S. Demuynck, M. Ercken, A. M. Goethals, S. Locorotondo, F.
Lazzarino, E. Altamirano, C. Huffman, A. D. Keersgieter, S. Brus, M.
Demand, H. Struyf, J. D. Backer, J. Hermans, C. Delvaux, B. Baudemprez, T.
Vandeweyer, F. V. Roey, C. Baerts, D. Goossens, H. Dekkers, P. Ong, N.
Heylen, K. Kellens, H. Volders, A. Hikavyy, C. Vrancken, M. Rakowski, S.
Verhaegen, M. Dusa, L. Romijn, C. Pigneret, A. V. Dijk, R. Schreutelkamp,
A. Cockburn, V. Gravey, H. Meiling, B. Hultermans, S. Lok, K. Shah, R.
Rajagopalan, J. Gelatos, O. Richard, H. Bender, G. Vandenberghe, G. P.
Beyer, P. Absil, T. Hoffmann, K. Ronse, and S. Biesemans, in IEDM Tech.
Dig., 2009, pp. 27.1.1-27.1.4.
125. G. Scappucci, G. Capellini, B. Johnston, W. M. Klesse, J. A. Miwa, and M. Y.
Simmons, Nano Lett., 2011, 11, 2272.
126. F.-L. Yang, H.-Y. Chen, and C.-C. Huang, in IEEE Solid State Integr. Circuit
Technol., IEEE, 2010, p. 62.
127. I. Sychugov, Y. Nakayama, and K. Mitsuishi, Nanotechnology, 2010, 21,
285307.
128. Y. Guan, J. D. Fowlkes, S. T. Retterer, M. L. Simpson, and P. D. Rack,
Nanotechnology, 2008, 19, 505302.
129. V. R. Manfrinato, L. L. Cheong, H. Duan, D. Winston, H. I. Smith, and K. K.
Berggren, Microelectron. Eng., 2011, 88, 3070.
130. J. K. W. Yang, B. Cord, H. Duan, K. K. Berggren, J. Klingfus, S.-W. Nam,
K.-B. Kim, and M. J. Rooks, J. Vac. Sci. Technol. B, 2009, 27, 2622.
131. C. S. Wu, Y. Makiuchi, and C. Chen, in Lithography, ed. M. Wang, Intech,
Vukovar, 2010, pp. 241-266.
132. J. H. Sim, S.-I. Lee, H.-J. Lee, R. Kasica, H.-M. Kim, C. L. Soles, K.-B. Kim,
and D. Y. Yoon, Chem. Mater., 2010, 22, 3021.
133. L. Pain, S. Tedesco, and C. Constancias, C. R. Phys., 2006, 7, 910.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

54

Chapter 1:Introduction

134. H.-S. Lee, B.-S. Kim, H.-M. Kim, J.-S. Wi, S.-W. Nam, K.-B. Jin, Y. Arai,
and K.-B. Kim, Adv. Mater., 2007, 19, 4189.
135. K. Seo, M. Wober, P. Steinvurzel, E. Schonbrun, Y. Dan, T. Ellenbogen, and
K. B. Crozier, Nano Lett., 2011, 11, 1851.
136. A. Pevzner, Y. Engel, R. Elnathan, T. Ducobni, M. Ben-ishai, K. Reddy, N.
Shpaisman, A. Tsukernik, M. Oksman, and F. Patolsky, Nano Lett., 2010, 10,
1202.
137. S. S. Walavalkar, C. E. Hofmann, A. P. Homyk, M. D. Henry, H. A. Atwater,
and A. Scherer, Nano Lett., 2010, 10, 4423.
138. D. M. Tennant and A. R. Bleier, in Handbook of Nanofabrication, ed. G.
Wiederrecht, Elsevier B.V., Amsterdam, 1st edn., 2010, pp. 121-148.
139. L. van Kouwen, A. Botman, and C. W. Hagen, Nano Lett., 2009, 9, 2149.
140. H. W. Ro, R. L. Jones, H. Peng, D. R. Hines, H.-J. Lee, E. K. Lin, A. Karim,
D. Y. Yoon, D. W. Gidley, and C. L. Soles, Adv. Mater., 2007, 19, 2919.
141. H. W. Ro and C. L. Soles, Mater. Today, 2011, 14, 20.
142. B. D. Gates, Q. Xu, J. C. Love, D. B. Wolfe, and G. M. Whitesides, Annu.
Rev. Mater. Res., 2004, 34, 339.
143. A. A. Tseng, A. Notargiacomo, and T. P. Chen, J. Vac. Sci. Technol. B, 2005,
23, 877.
144. M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science, 1993, 262, 218.
145. P. Vettiger, G. Cross, M. Despont, U. Drechsler, U. Durig, B. Gotsmann, W.
Haberle, M. A. Lantz, H. E. Rothuizen, R. Stutz, and G. K. Binnig, IEEE
Trans. Nanotechnol., 2002, 1, 39.
146. S. B. Darling, Prog. Polym. Sci., 2007, 32, 1152.
147. M. W. Matsen and F. S. Bates, Macromolecules, 1996, 29, 1091.
148. S.-M. Park, M. P. Stoykovich, R. Ruiz, Y. Zhang, C. T. Black, and P. F.
Nealey, Advanced Materials, 2007, 19, 607-611.
149. D. J. C. Herr, J. Mater. Res., 2011, 26, 122.
150. S. O. Kim, H. H. Solak, M. P. Stoykovich, N. J. Ferrier, J. J. De Pablo, and P.
F. Nealey, Nature, 2003, 424, 411.
151. J. Y. Cheng, D. P. Sanders, H. D. Truong, S. Harrer, A. Friz, S. Holmes, M.
Colburn, and W. D. Hinsberg, ACS Nano, 2010, 4, 4815.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

55

Chapter 1:Introduction

152. M. P. Stoykovich, H. Kang, K. C. Daoulas, G. Liu, C.-chun Liu, J. J. D.
Pablo, M. Müller, and P. F. Nealey, ACS Nano, 2007, 1, 168.
153. Y. S. Jung, J. B. Chang, E. Verploegen, K. K. Berggren, and C. A. Ross, Nano
Lett., 2010, 10, 1000.
154. Y. S. Jung and C. A. Ross, Nano Lett., 2007, 7, 2046.
155. S.-J. Jeong and S. O. Kim, J. Mater. Chem., 2011, 21, 5856.
156. X. Yang, L. Wan, S. Xiao, Y. Xu, and D. K. Weller, ACS Nano, 2009, 3,
1844.
157. J. Y. Cheng, C. T. Rettner, D. P. Sanders, H.-C. Kim, and W. D. Hinsberg,
Adv. Mater., 2008, 20, 3155.
158. G. Liu, C. S. Thomas, G. S. W. Craig, and P. F. Nealey, Adv. Func. Mater.,
2010, 20, 1251.
159. A. J. Hong, C.-C. Liu, Y. Wang, J. Kim, F. Xiu, S. Ji, J. Zou, P. F. Nealey,
and K. L. Wang, Nano Lett., 2010, 10, 224.
160. J. Y. Cheng, C. A. Ross, V. Z.-H. Chan, E. L. Thomas, R. G. H. Lammertink,
and G. J. Vancso, Adv. Mater., 2001, 13, 1174.
161. M. T. Borstrom, G. Immink, B. Ketelaars, R. Algra, and E. P. A. M. Bakkers,
Nat. Nanotechnol., 2007, 2, 541.
162. I. Bita, J. K. W. Wang, Y. S. Jung, C. A. Ross, E. L. Thomas, and K. K.
Berggren, Science, 2008, 321, 939.
163. B. Fuhrmann, H. S. Leipner, H.-R. Höche, L. Schubert, P. Werner, and U.
Gösele, Nano lett., 2005, 5, 2524.
164. X. Wang, K. L. Pey, W. K. Choi, C. K. F. Ho, E. Fitzgerald, and D.
Antoniadis, Electrochem. Solid-State Lett., 2009, 12, 37.
165. B. Z. Huang, N. Geyer, P. Werner, J. D. Boor, and U. Gösele, Adv. Mater.,
2011, 23, 285.
166. H. J. Fan, P. Werner, and M. Zacharias, Small, 2006, 2, 700.
167. J. R. Heath, Acc. Chem. Res., 2008, 41, 1609.
168. Z. Huang, H. Fang, and J. Zhu, Adv. Mater., 2007, 19, 744.
169. T. Mårtensson, P. Carlberg, M. Borgström, L. Montelius, W. Seifert, and L.
Samuelson, Nano Lett., 2004, 4, 699.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

56

Chapter 1:Introduction

170. J. Kim, H. Han, Y. H. Kim, S.-H. Choi, J.-C. Kim, and W. Lee, ACS Nano,
2011, 5, 3222.
171. N. Geyer, Z. Huang, B. Fuhrmann, S. Grimm, M. Reiche, T.-K. Nguyen-Duc,
J. D. Boor, H. S. Leipner, P. Werner, and U. Gosele, Nano Lett., 2009, 9,
3106.
172. E. B. Ramayya, D. Vasileska, S. M. Goodnick, and I. Knezevic, J. Appl.
Phys., 2008, 104, 063711.
173. M.-H. Park, M. G. Kim, J. Joo, K. Kim, J. Kim, S. Ahn, Y. Cui, and J. Cho,
Nano Lett., 2009, 9, 3844.
174. A. I. Hochbaum, R. Chen, R. D. Delgado, W. Liang, E. C. Garnett, and M.
Najarian, Nature, 2008, 451, 163.
175. M. Rauber, I. Alber, S. Muller, R. Neumann, O. Picht, C. Roth, A. Schokel,
M. E. Toimil-Molares, and W. Ensinger, Nano Lett., 2011, 11, 2304.
176. M. Rauber, I. Alber, S. Müller, R. Neumann, O. Picht, A. Schökel, M. E.
Toimil-molares, and W. Ensinger, .
177. M. Heyns and W. Tsai, MRS Bull., 2009, 34, 485.
178. B. R. Bennett, M. G. Ancona, and J. B. Boos, MRS Bull., 2009, 34, 530.
179. R. F. Service, Science, 2009, 323, 1000.
180. M. F. Craciun, S. Russo, M. Yamamoto, and S. Tarucha, Nano Today, 2011,
6, 42.
181. H. Hasegawa, M. Akazawa, A. Domanowska, and B. Adamowicz, Appl. Surf.
Sci., 2010, 256, 5698.
182. E. F. Schubert, J. M. Kuo, R. F. Kopf, A. S. Jordan, H. S. Luftman, and L. C.
Hopkins, Phys. Rev. B, 1990, 42, 1364.
183. A. Shaporenko, K. Adlkofer, L. S. O. Johansson, M. Tanaka, and M.
Zharnikov, Langmuir, 2003, 19, 4992.
184. J. M. Buriak, Chem. Rev., 2002, 102, 1271.
185. R. Stine and D. Y. Petrovykh, J. Electron Spectrosc. Relat. Phenom., 2009,
172, 42.
186. R. Ponce Ortiz, A. Facchetti, and T. J. Marks, Chem. Rev., 2010, 110, 205.
187. V. Singh, D. Joung, L. Zhai, S. Das, S. I. Khondaker, and S. Seal, Prog.
Mater. Sci., 2011, 56, 1178.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

57

Chapter 1:Introduction

188. Y.-M. Lin, A. Valdes-Garcia, S.-J. Han, D. B. Farmer, I. Meric, Y. Sun, Y.
Wu, C. Dimitrakopoulos, A. Grill, P. Avouris, and K. a Jenkins, Science,
2011, 332, 1294.
189. H. Dai, Acc. Chem. Res., 2002, 35, 1035.
190. J. Hu, T. W. Odom, and C. M. Lieber, Acc. Chem. Res., 1999, 32, 435.
191. R. Venkatasubramanian, E. Siivola, T. Colpitts, and B. O’Quinn, Nature,
2001, 413, 597.
192. M. Chu, Y. Sun, U. Aghoram, and S. E. Thompson, Annu. Rev. Mater. Res.,
2009, 39, 203.
193. M. Ieong, B. Doris, J. Kedzierski, K. Rim, and M. Yang, Science, 2004, 306,
2057.
194. I. A. Goldthorpe, A. F. Marshall, and P. C. McIntyre, Nano Lett., 2009, 9,
3715.
195. V. Schmidt, J. V. Wittemann, and U. Gosele, Chem. Rev., 2010, 110, 361.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

58

Chapter 2: Experimental

Chapter 2

Experimental

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

59

Chapter 2: Experimental

2.1. Self-Seeded Supercritical Fluid (SCF) Phase Synthesis of Ge
Nanowires
Ge nanowire synthesis was achieved through the thermal decomposition of the
organosilyl germane precursors, hexakis(trimethylsilyl)digermane (Ge2(TMS)6)
and tris(trimethylsilyl)germane (Ge(TMS)3).

Hexakis(trimethylsilyl)digermane

was synthesised as described in the literature through collaboration with Prof.
Christoph Marschner at TU Graz, Austria,1 and tris(trimethylsilyl)germane was
used as purchased (ABCR GmbH & Co. KG). High temperature synthesis (> 703
K) of Ge nanowires was performed in a supercritical toluene medium using the
setup shown schematically in figure 2.1.

Figure 2.1. Schematic of reaction setup for the supercritical fluid phase synthesis
of Ge nanowires.
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In a typical experiment 100 mg of Ge2(TMS)6 was dissolved in 10 mL of dry,
oxygen-free toluene and loaded into a 20 mL stainless steel precursor reservoir.
Separately, 1 mL of toluene was loaded into a 5 mL volume, stainless steel
reaction cell, which was connected to the precursor reservoir by 1/16” stainless
steel tubing and valves. Precursor dissolution and loading was performed within a
nitrogen filled glove-box (O2 < 0.2 ppm, H2O < 3 ppm) to help prevent the
formation of GeO2. The sealed reaction cell was then placed in a tube furnace and
heated to the desired synthesis temperature, which was monitored by a
thermocouple connected to the reaction vessel.

Whilst the reaction cell was

heating, 17.2 MPa pressure was applied to the precursor solution in the reservoir
and injected at the chosen synthesis temperature using a 266 mL CO2 pump
(ISCO systems, Licoln, NE). The volume of the precursor solution injected into
the cell was dependent on the pressure difference between the reaction cell and the
pressure applied to the precursor reservoir by the CO2 pump.

This pressure

difference could be controlled by the volume of toluene placed in the reaction cell
prior to heating. Typically, 2.5 ± 0.3 mL of precursor solution was injected into
the reaction cell and the holding time was adjusted according to the temperature
employed for a high yield of Ge nanowires. Synthesis times required to produce
Ge nanowires for each synthesis temperature are tabulated in the table 2.1.
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Table 2.1.

Synthesis time required

to

produce Ge nanowires

from

hexakis(trimethylsilyl)digermane in toluene.
Synthesis

Temperature

Synthesis

(K)

(h)

573

48

673

24

723

4

773

1

Time

The cell was opened at room temperature, the initial solvent collected and
combined with an acetone solution used to collect the nanowire material attached
to the side walls of the reactor. The red/brown nanowire product was isolated
from the solvents by evaporation. Further purification of the nanowire material
was performed by centrifugation at room temperature (7000 rpm for 15 min; 3 ×
toluene, and 2 × ethanol).

2.2. Self-Seeded Solution Phase Synthesis of Ge Nanowires
In a separate approach, in order to confirm that the wires were not seeded from Fe
or Ni in the walls of the stainless steel cell, Ge nanowires exhibiting the same
morphology as those synthesised by the SCF phase method described above, were
prepared under atmospheric pressure using standard Schlenk line techniques,
similar to the procedure described by Heitsch et al.,2 for the preparation of Si
nanowires from Au and Bi nanoparticles. A schematic of the apparatus used for
the solution phase synthesis of Ge nanowires is shown in figure 2.2.
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Figur e 2.2.

Schematic of the apparatus arrangement for the solution phase

synthesis of Ge nanowires.

100 mg of Ge2(TMS)6 was placed in a 3-necked 50 mL round bottomed flask with
5 g of dried octacosane (b.p. 703 K) and connected to the Schlenk line via a
Liebig condenser connected to the central neck of the flask using vacuum grease
and clips. The remaining two necks of the flask were sealed with greased rubber
septa for temperature probe access and hexane injection, respectively. The flask
was then placed in a high temperature heating mantle (HORST GmbH) and heated
to 473 K for 2 h under vacuum, in order to melt and degas the precursor solution,
and to draw off any moisture in the system. Argon gas was then passed through
the flask, the vacuum line closed, and the temperature of the solution was raised to
673 K for 24 h to enable the decomposition of the Ge precursor, and the growth of
nanowires. During the cooling step 20 mL of hexane was injected at 343 K into
the flask. The hexane helps to dissolve the octacosane (m.p. 330-335 K) which
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begins to solidify below 333 K. The nanowire product was further purified by
centrifugation (7000 rpm for 20 min; 2 × toluene and 2 × ethanol) to ensure
maximum removal of octacosane.

2.3. Electron Beam Lithography
2.3.1. Background
Electron beam lithography (EBL) is a technique whereby a beam of electrons is
scanned across a substrate covered with a film of resist material which is sensitive
to electron beam exposure.

Upon exposure to the electron beam, the resist

undergoes a chemical change, usually cross-linking or bond breaking, thus
resulting in chemical patterning of the resist. The exposed (positive tone resist) or
unexposed (negative tone resist) resist can then be removed using an appropriate
developer. The ability of electron optics to focus electron beams to nanoscale
spots (typically < 10 nm), thus allows nanoscale patterns to be produced on
materials using this technique. Figure 2.3 shows a schematic of a cross-section
through a typical electron column, including a ray trace of the electrons as they
pass through the electron optical components of the system before striking the
sample surface. A typical Gaussian EBL system, where the electron beam spot
has a Gaussian intensity profile, operates in a very similar fashion to a common
SEM or even a traditional cathode ray tube (CRT) television.3 As such, many
EBL systems are manufactured by modification of SEM tools, e.g. Raith GmbH.
In Gaussian EBL systems, the pattern to be exposed on a sample is produced
dynamically, using the combination of a beam blanker and a beam deflector. A
simple beam blanker consists of parallel, charged plates that are positioned at an
intermediate focal point in the electron column, thus allowing high frequency
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electrostatic removal of the beam from the electron optical axis.

Thus,

discontinuous structures can be patterned on the sample.

Figur e 2.3. Cross-section diagram through an electron column in a typical high
energy electron beam lithography system.4

The electron beam deflectors are positioned closer to the final lens of the electron
column than the beam blanker, allowing greater control over the positioning of the
beam as it is deflected. The electrostatic deflectors deflect the beam off-axis
creating the desired pattern on the substrate from a computer generated pattern
file. However, deflecting the beam off-axis by large angles introduces additional
aberrations that cause deterioration of the beam spot. Consequently, pattern files
are broken into square write-fields in order to circumvent issues associated with
large angle beam deflection. The ultimate resolution of the EBL process scales
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with decreasing write-field area at the expense of increased exposure time.
Typically square write-fields with areas in the range 2500-10000 µm2 are used for
high resolution EBL. Movement between write-fields is controlled by the sample
stage which is usually controlled by a laser interferometer with positioning control
to within 1 nm.
Within a write-field, Gaussian EBL systems can scan in one of two modes, raster
scan or vector scan as shown in figure 2.4.4

Figur e 2.4. Raster scan and vector scan approaches to EBL pattern generation.4

Vector scan systems offer significantly increased exposure speeds relative to their
raster scan analogues. The area traced by the deflector is significantly less for
vector scan systems, as the deflector takes the shortest route between exposed
regions.

Electron scattering due to electron-solid interactions is an important factor in high
resolution EBL, and especially when a high density of features is desired. When
electrons impinge on a solid surface they can experience a number of scattering
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events. The various families of electron scattering are discussed in further detail
in Section 1.3.2. Figure 2.5 shows a Monte-Carlo simulation of the trajectories of
20 keV electrons (electron energy in a standard CRT TV) scattered in Cu metal.5
This simulation highlights the relative distances that electrons can travel in solids.
The penetration depth of electrons increases significantly with increasing electron
energy and decreasing atomic weight of the irradiated material. The intensity of
high angle backscattered electrons increases with increasing atomic weight of the
substrate material. High angle backscattered electrons are particularly important
in EBL, as these electrons contribute most significantly to proximity effects,
whereby areas of resist in close proximity to intentionally exposed regions are
themselves exposed to backscattered electrons from the substrate.

Proximity

effects can lead to blurring of structures patterned by EBL resulting in low
contrast patterns. Proximity effects are dependent on the area, shape and density
of exposed structures, the resist material, the substrate material, the electron
energy, and the electron beam spot size.

Figur e 2.5. Trajectories of 20 keV electrons striking a Cu substrate as modeled
by Monte-Carlo simulation.5

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

67

Chapter 2: Experimental

Careful modelling of the electron scattering within the given materials allows the
elucidation of a point spread function (PSF) for the system. PSFs are typically
modelled as a sum of two Gaussian functions, where one Gaussian term represents
the width of the forward scattered electron distribution (α) and the second
represents the width of the backscattered electron distribution (β).3 A typical PSF
given in terms of the distance r in the surface plane from the incident beam spot is
given in equation 2.1, where η represents the intensity of the backscattered
electron energy relative to the forward scattered electron energy.

PSF (r ) =

 r2
1  1
 2 exp − 2
 α
1 + η  πα


 η
 r2
 +
 − 2
exp
2
 πβ
 β


 



(2.1)

Proximity effect correction (PEC) is then achieved by fracturing the designed
exposure pattern into regular polygons where each polygon is assigned a relative
exposure dose based on the PSF and the location of the polygon within the larger
pattern structure. These ‘dose maps’ can then be superimposed on the desired
pattern, thus reducing proximity effects.

PEC for example typically assigns

higher doses to polygons at the edges of structures than those within the core of a
structure, and higher doses to isolated structures than to grouped structures, thus
improving the definition and contrast of the pattern.

2.3.2. PMMA Positive-Tone EBL
The most commonly used positive-tone EBL resist is polymethylmethacrylate
(PMMA). Typically, PMMA with molecular weights of 950 k or 495 k dissolved
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in anisole are used for EBL purposes.6 The resist is spin coated on a substrate to
the desired thickness, typically hundreds of nm. Film thickness can be controlled
by adjusting the spin speed and resist solution concentration. The substrate is then
baked at a temperature above its glass transition temperature (Tg).7 Baking serves
two purposes, firstly, it removes any residual solvent by evaporation, and
secondly, heating the PMMA above its glass transition temperature (Tg = 373 K)
allows the PMMA molecules to rearrange, thus releasing stress generated in the
film during spin coating. An exposed and developed PMMA film will change its
shape if there is any residual stress in the film remaining from the spin coating
process.8 The coated and baked sample is then transferred to the vacuum chamber
of the EBL system for exposure. Bond scissions within the polymer backbone in
PMMA can occur upon exposure to electrons with energy > 5 eV.9 However, low
energy electrons are impractical for high resolution EBL due to their sensitivity to
stray magnetic fields, which prevent fine focusing and formation of a suitably
small beam spot. Consequently, electron energies ranging from 1 – 100 keV are
typically used for high-resolution EBL. Bond scissions in PMMA break the
PMMA molecules up into lower molecular weight subcomponents (< 2 × 104
amu.), which can be selectively removed by an appropriate solvent. Mixtures of
4-methylpentan-2-one (MIBK) and propan-2-ol (IPA), or IPA and deionised
water, are typically used to dissolve the low molecular weight fragments. These
mixtures allow sufficient solubility of low molecular weight PMMA fragments
without swelling the remaining unexposed PMMA film.10

In this work, a PMMA EBL process was used to define metal gate structures on Si
nanowire FETs. A bilayer resist process was used consisting of a low molecular
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weight PMMA (MMA), methacrylic acid copolymer film (EL6 Microchem
Corp.), topped with a high molecular weight (950 k) PMMA film (A7 Microchem
Corp.). MMA/PMMA bilayer resist systems are suitable for preparing nanoscale
features by an additive approach as shown in figure 2.6.

Figur e 2.6. Process flow diagram of bi-layer MMA/PMMA EBL process for
definition of metal gate structures. a) Electron beam exposure of bilayer resist, b)
resist develop, c) metal evaporation and d) lift-off of resist to leave metal
structure.

The lower molecular weight of the PMMA molecules in MMA results in a lower
required electron dose to fragment these molecules to sizes where they may be
removed by the developer. Figure 2.6 shows the pronounced proximity effect in
the MMA resist layer relative to the surface PMMA layer. This proximity effect
in the MMA layer results in a desirable undercut suited to lift off of nanoscale
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metal features. Table 2.1 gives details of the preparation of the MMA/PMMA
bilayer resist films for EBL lift-off of Al gate metal on Si nanowire devices.

Table 2.2. Process run sheet for MMA/PMMA bilayer EBL metal lift-off mask
Step

Description

Process Parameters

1

Substrate dehydration

Bake 5 min, 453 K

2

Substrate cooling

30 s, heat sink

3

MMA coating, 250 nm

10 s 500 rpm, 60 s 1000 rpm

4

MMA baking

2 min, 453 K

5

Substrate cooling

30 s, heat sink

6

2nd MMA coat repeat steps 3-5

As above

7

PMMA 950k coating

10 s 500 rpm, 60 s 1500 rpm

8

PMMA 950k baking

2 min, 453 K

9

Substrate cooling

30 s, heat sink

10

Electron beam exposure

Areal dose 400-500 µC cm-2

11

Develop

90 s, 3:1 IPA:MIBK

Figure 2.7 displays an SEM image of a cross-section through line structures in an
MMA/PMMA bilayer after exposure and development. The lines are exposed at
different electron doses and as such have different widths, with increasing width
representative of increasing dose.
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Figure 2.7. A cross-section SEM image through exposed and developed lines in
an MMA/PMMA bilyer film. Observed linewidth increases with increasing dose.

Figure 2.8 displays an SEM image of an array of 40 nm wide Al lines prepared using
the PMMA/MMA process outlined above. The PMMA/MMA bilayer resist was
exposed at an electron dose of 500 µC cm-2 and the lines were designed with a width
of 20 nm. Al metal was deposited to a depth of 100 nm using a Temescal FC2000
electron beam evaporator.

Figure 2.8. SEM image of 40 nm wide Al lines at a pitch of 1 µm fabricated via
the PMMA/MMA EBL lift-off process. Inset, a higher magnification SEM image
of a single 40 nm wide Al line.
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2.3.3. Hydrogen Silsesquioxane Negative-Tone EBL
Hydrogen silsesquioxane (HSQ) is a high resolution, negative-tone, inorganic,
EBL resist, which is capable of producing high density features in the sub-20 nm
regime.11,12 Silsesquioxanes have a general chemical formula (RSiO1.5)n, where
‘R’ represents an organic functional group, H in the case of HSQ. The name
silsesquioxane is derived from the O:Si ratio of 1.5, where the prefix sesqui means
one and a half, from the Latin semisque, meaning “and a half”. HSQ is the
smallest member of the polyhedral oligosilsesquioxane (POSS, trademarked by
Hybrid Plastics) family, and has a cubic structure of formula (HSiO3/2)8. HSQ is
an electron beam sensitive material, and upon exposure the cubic HSQ molecules
cross-link forming network structures as shown schematically in figure 2.8.13

Figure 2.8.

Cubic HSQ structure (top), and formation of network structure

(bottom).13
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The degree of HSQ cross-linking can be investigated by Fourier Transform Infrared (FTIR) analysis, as Si-O moieties for both cage and network morphologies
can be distinguished.14 The cross-linking mechanism for HSQ upon electron
beam exposure has not been completely verified and as such is still under
examination.

Electron beam induced desorption studies, using a mass

spectrometer coupled to an SEM, have shown that both H2 and SiHx are evolved
during electron beam exposure of HSQ films. Furthermore, Raman studies show
the formation of =SiH2, and –SiH3, groups upon electron beam exposure, whilst
Si-O concentration increases. The observed increase in Si-O bond formation and
the existence of di- and trihydride species suggests that the redistribution of H
within HSQ may be crucial to the cross-linking mechanism. The redistribution
reaction can be summarised as given in equation 2.2. Reports suggest that the
redistribution reaction arises due to electron beam induced oxygen radical
formation, resulting in the formation of Si-O-Si bridges between neighbouring
HSQ cubes, thus forming a network structure.15,16

2HSiO1.5 → H2SiO + SiO2

(2.2)

The observed H2 and SiHx evolution can then be attributed to further reaction of
H2SiO groups forming SiH4 by equation 2.3.

3H2SiO + 6HSiO1.5 → H8Si4O4 + SiH4 + 4SiO2
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SiH4 can then produce H2 by reaction with water adsorbed on the substrate or
water produced via condensation reactions between silanol groups formed in the
film during thin film preparation in an ambient environment.
produce H2 through electron beam induced ionisation.17

SiH4 can also

Another plausible

mechanism for the observed H redistribution during HSQ exposure, may involve
H sputtering by the incident electron beam. Low energy electrons are capable of
sputtering lightweight species such as H and D.18,19 Electron beam exposure of
HSQ is therefore likely to produce H radical and ion species which may
subsequently react with neighboring Si groups resulting in the observed H
redistribution.

Unexposed HSQ can be removed by a strong aqueous base such as
tetramethylammonium hydroxide (TMAH) or NaOH. Nucleophilic attack of the
Si atoms in HSQ by the hydroxide ions of the developer results in the formation
of silanol groups with the evolution of H2.

The silanol groups are then

deprotonated by another hydroxide anion and solvated as a salt of the counter-ion
(TMA+ or Na+). The salt is soluble in aqueous base and as such can be washed
away by the developer solution leaving the exposed cross-linked HSQ
structures.20 The addition of alkali salts such as NaCl to the developer solutions
has been found to improve the contrast of the HSQ developer process.21 The
addition of alkali salts increases the alkali cation concentration. Alkali cations
such as Na+ can act as Lewis acids with O atoms in HSQ thus drawing electron
density away from the Si-O bond through the O atom, and increasing the relative
positive charge on the Si atom. The increased positive charge on the Si atom
increases the rate of nucleophilic attack by the hydroxide ion and consequently
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increases the rate of development. As a result, HSQ development processes
employing the use of an alkali salt often require higher exposure doses than their
salt-free analogues.20

2.3.4. Ge Patterning
A 15 mm × 15 mm piece of p-doped (P, 1017 cm-3 ) or n-doped (As, 1017 cm-3) Ge
<100> oriented wafer (Umicore) was first degreased via ultrasonication in acetone
and iso-propanol (IPA) solutions (2 × 2 min), dried in flowing N2 gas and baked
for 2 min at 393 K in an ambient atmosphere to remove any residual IPA.
Immediately prior to deposition of the HSQ resist layer the Ge surface was Cl
terminated.

The process used to achieve Cl termination was similar to that

reported by Sun et al.22 Firstly, the Ge wafer was immersed in deionised water for
30 s, and then 4.5 M HNO3 for 30 s followed by drying in flowing N2 gas for 15 s.
The Ge piece was then immersed in a 10 wt. % HCl solution for 10 min. The
wafer was then dried in flowing N2 for 10 s, and spin coated (500 rpm, 5 s, 2000
rpm, 32 s, lid closed) with a 1.2 wt. % solution of HSQ (XR-1541 Dow Corning
Corp.) in methylisobutyl ketone (MIBK) to produce a 25 nm film of HSQ. The
wafer was baked at 393 K in an ambient atmosphere for 3 min prior to transfer to
the EBL system for exposure. The pre-exposure bake served two purposes: (i) the
HSQ oligomers in the resist film thermally increase in size due to cross-linking
during baking, thus lowering the required electron dose for high-resolution EBL
and (ii) baking removes any residual MIBK solvent. Electron beam exposure was
performed using a Zeiss Supra 40 FESEM equipped with a Raith Elphy digital
pattern generator. All Ge samples were developed in a 0.125 M NaOH, 0.35 M
NaCl solution for 30 s followed by a rinse in flowing DI water for 60 s. The
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samples were then dried in flowing N2 gas. A reactive ion etch (RIE) using Cl2
was performed in an Oxford Instruments Plasmalab 100, to transfer the HSQ
pattern to the underlying Ge substrate. Process parameters used for the Cl2 RIE
included a Cl2 flow rate of 30.0 sccm, radio frequency (RF) power of 80 W, 10
mTorr working pressure, 20 °C chuck temperature, and a 15 s etch time.
Furthermore, the sample to be etched was thermally contacted to the stage of the
RIE instrument via a thin layer of Cool-Grease (Amerasia International
Technology Inc.) applied to the underside of the sample.

2.3.5. Bi2Se3 Patterning
MBE grown Bi2Se3 thin films were produced by Dr. Faxian Xiu at U.C.L.A., CA,
U.S.A as described previously.23 MBE allows production of highly crystalline
films on lattice-matched substrates. Prior to HSQ deposition the native oxide on
the Bi2Se3 films was dissolved by immersing the substrate in an aqueous solution
of 0.25 v/v developer/deionised water, 0.023 M TMAH, 0.006 M NaOH, 0.016 M
NaCl, for 15 s, rinsed in flowing DI water for 30 s and dried in flowing N2 gas for
10 s. A 1.2 wt. % HSQ solution was immediately dispersed on the substrate and
spin coated as above.

The sample was then baked at 393 K in an ambient

atmosphere for 3 min prior to transferring to the EBL system for exposure. The
sample was developed by manual immersion in an aqueous developer solution of
0.116 M TMAH, 0.028 M NaOH, 0.078 M NaCl for 15 s, rinsed in flowing DI
water for 60 s and dried in a flow of N2 gas for 15 s. The HSQ pattern was
transferred to the Bi2Se3 film using an Ar+ reactive ion etch (RIE) in an Oxford
Instruments Plasmalab 100. The RIE process used an RF power of 400 W, 30
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sccm Ar flow, 100 mTorr working pressure and an etch time dependent on the
Bi2Se3 film thickness. The etch rate was estimated at 40 nm min-1.

2.3.6. Silicon-on-Insulator Patterning
The substrates used for all nanolithography experiments were silicon-on-insulator
(SOI) wafers (SOITEC). The active device layer in the SOI wafer was n-doped
(As, 1019 cm-3) Si <100>, thinned to a thickness of 13 nm by cyclic oxidation and
oxide etching. The active device layer was thermally bonded to a 150 nm buried
oxide (BOX) on a <100> Si carrier wafer. The 15 mm × 15 mm dies of SOI
wafer used for nanolithography experiments were first degreased via
ultrasonication in acetone and iso-propanol (IPA) solutions (2 × 2 min), dried in
flowing N2 gas and baked for 2 min at 120 °C in an ambient atmosphere to
remove any residual IPA. The wafer was then allowed to cool on a heat sink for
10 s, and spin coated (500 rpm, 5 s, 2000 rpm, 32 s, lid closed) with a 1.2 wt. %
solution of HSQ (XR-1541 Dow Corning Corp.) in methylisobutyl ketone
(MIBK) to produce a 25 nm film of HSQ. The HSQ films on SOI were then
prepared for EBL in an identical process to that used for Ge and Bi2Se3 substrates
as detailed above. Exposure doses used to pattern HSQ films on SOI are specified
in Chapter 5. Exposed films were developed using an identical process to that
used on Ge substrates.

Line edge roughness (LER) measurements of the exposed and developed HSQ
lines were performed using Image J, image processing software. SEM images of
the line structures were processed sequentially as shown in figure 2.9. Typically a
line section ~500 nm in length was processed using an SEM image recorded at 10
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kV, 140 pA beam current, 6 mm working distance and a magnification of
123300x.

Figure 2.9. Image processing used to obtain LER values from SEM images. (a)
Original SEM image. (b) SEM image converted to binary image and (c) edges of
lines extracted. (d) Single lines edges were then extracted and plotted as a line
graph to determine the standard deviation of the line edge values.

Standard deviation (σ) values were obtained from line plots of individual line
edges, averaged for 20 line edges measured and multiplied by three to give the
stated 3σ values.
A Cl2 reactive ion etch (RIE) was performed in an Oxford Instruments Plasmalab
100, to transfer the HSQ pattern to the underlying Si device layer. The RIE
process used was identical to that used for Ge (Section 2.3.4.). The HSQ resist
was subsequently removed by manual immersion in a solution of 1 wt. % HF for
30 s, and rinsed in flowing DI for 30 s. The HSQ etch process was optimised to
allow complete removal of the HSQ resist without significantly etching the BOX
layer of the SOI substrate.
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A 10 nm Al2O3 dielectric layer was then deposited by atomic layer deposition
(ALD) to act as a gate dielectric for future FET measurements using the Si
nanowires as the active device channel in a transistor architecture without p-n
junctions, similar to that described previously.24

ALD was performed in a

Cambridge Nanotech Fiji F200LLC ALD reactor at a deposition temperature of
250°C in Ar carrier gas. Alternating pulses of trimethylaluminium (TMA) and
H2O precursors were used to grow Al2O3 layers, with 100 cycles required to
prepare a 10 nm Al2O3 layer.

2.3.7. Directed Self-Assembly of PS-b-PDMS within EBL Defined Channels
20 mm × 20 mm bulk Si substrates, nominal resistivity 0.001 Ω cm, were used for
all directed self-assembly (DSA) experiments. The substrates were patterned
using a HSQ EBL process prior to deposition of the PS-b-PDMS block copolymer
(BCP). The substrates were firstly degreased via ultrasonication in acetone and
iso-propanol (IPA) solutions (2 × 2 min), dried in flowing N2 gas and baked for 2
min at 120 °C in an ambient atmosphere to remove any residual IPA.

The

substrates were then spin coated (500 rpm, 5 s, 2000 rpm, 32 s, lid closed) with a
2.4 wt. % solution of HSQ (XR-1541 Dow Corning Corp.) in methylisobutyl
ketone (MIBK) to produce a ~50 nm film of HSQ. The wafer was then baked at
393 K in an ambient atmosphere for 3 min prior to transfer to the EBL system for
exposure. Arrays of 15 nm wide lines at pitches of (35n + 15) nm were exposed,
where n is an integer and 0<n<11. Following electron beam exposure the samples
were developed in an aqueous solution of 0.25 M NaOH, 0.7 M NaCl for 20 s,
followed by rinsing in flowing DI water for 60 s. The samples were then blown
dry in flowing N2 gas.
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Prior to BCP deposition two approaches were taken to improve PDMS wettability
of the surface of the substrates. In both cases the surface was first cleaned with
piranha solution (3/1 v/v 98 wt. % H2SO4:30 wt. % H2O2) for 30 min at 358 K,
rinsed with DI water, acetone, and ethanol, and finally blown dry in flowing N2
gas. The first approach to improve PDMS wettability was to apply a brush layer
of monocarbinol terminated PDMS (PDMS-OH) to the substrate. The substrate
was first covered with the working solvent, CCl4, and spun dry to improve
adhesion of the PDMS-OH solution. Filtered PDMS-OH was then deposited by
spin coating (3000 rpm, 20 s) a solution of 0.5 wt. % PDMS-OH in CCl4. The
substrate was then annealed at 423 K for 15 h under vacuum to facilitate chemical
grafting of PDMS-OH to the Si-OH surface. The substrate was then allowed to
cool and the excess PDMS-OH was removed by rinsing in chloroform and
ultrasonication in toluene at 323 K for 30 min. A second approach to improve
PDMS adhesion was to coat the substrate with hexamethyldisilazane (HMDS).
HMDS reacts with hydroxyl terminated Si according to the reaction scheme given
in equation 2.4.25

2≡SiOH + (CH3)3Si-NH-Si(CH3)3 → 2≡SiOSi(CH3)3 + NH3

(2.4)

The reaction scheme given in equation 2.4 yields a trimethysilyl terminated
surface. Following PDMS brush or HMDS deposition the substrate surface was
partially oxidised using an O2 RIE in an Oxford Plasmalab 100 using the
following parameters: platen power 100 W, chamber pressure 1 mTorr, and O2
flow rate 40 sccm for 20 s. The O2 RIE was required to optimise wetting and flow
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of the diblock copolymer during BCP deposition and solvent annealing to
facilitate DSA.

Following surface treatment of the patterned substrates the PS-b-PDMS BCP (34
kg mol-1-b-11 kg mol-1) was deposited according to the following procedure: PSb-PDMS (0.5 wt. % in CCl4) was spin coated onto the treated substrates (6000
rpm, 20 s) and annealed in toluene vapour for 4-16 h using an apparatus such as
that shown in figure 2.10.

Figure 2.10. Schematic of apparatus used for solvent annealing of PS-b-PDMS
films (left), and a photograph of the apparatus (right).

Solvent annealing was performed in 5 cm inner diameter glass jar containing
toluene. The substrate was placed on a steel mesh sitting 1 cm above the surface
of the toluene reservoir and 2-3 mm below the lip of the jar. The jar is capped
with a downturned glass petri dish so as to allow a slow leak of toluene vapour.
The samples were then etched, anisotropically, in two steps following solvent
annealing, as shown schematically in figure 2.11.
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Figure 2.11. Schematic depiction of a microphase separated PS-b-PDMS film
formed by DSA (left) and subsequent etch process to remove PDMS surface layer
(centre) and anisotropic PS etch (right).

The first etch step used a CF4/O2 reactive ion etch (RIE) in an STS Advanced
Oxide Etcher system to etch the surface PDMS layer. The etch used 100 W platen
power, 1 mTorr chamber pressure, CF4 flow rate of 30 sccm, and O2 flow rate of 8
sccm for 30 s. The second RIE step to anisotropically etch the PS layer through to
the underlying PDMS layer, used the following parameters: platen power 100 W,
chamber pressure 1 mTorr, and O2 flow rate 40 sccm for 20 s.

2.4. Structural Characterisation Techniques
2.4.1. X-ray Diffraction
X-ray diffraction (XRD) is a structural characterisation technique based on the
constructive interference of elastically scattered X-rays in a crystal. XRD occurs
when the inter-planar distance d in a crystal is of the order of the wavelength λ of
the X-ray radiation, usually the Cu Kα emission line with a wavelength of 1.54 Å.
Diffraction at an angle θ then occurs when Bragg’s law is satisfied. Bragg’s law
is given in equation 2.5 where n is an integer value.26
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nλ = 2d sin θ

(2.5)

A plot of diffraction intensity against angle of reflection (2θ) produces a
diffraction pattern from which the crystallographic structure of materials can be
determined. X-ray diffraction patterns were collected on a Philips Xpert PW3719
diffractometer using Cu Kα radiation (40 kV and 35 mA) over the range 20 ≤ 2θ ≤
70, using a step size of 0.0005° and a scan rate of 0.02 s step.

2.4.2. Electron Microscopy
An electron microscope is capable of imaging materials at very high
magnifications, > 106 times, and at high resolution, < 1 Å.27 The high resolution
capabilities of electron microscopy are due primarily to the very short
wavelengths of electrons employed, typically 50 pm – 1 nm for scanning electron
microscopy (SEM) and 4 – 15 pm for transmission electron microscopy (TEM).
SEM involves rastering a narrow beam of electrons across the surface of a sample
to generate an image of that surface through electron solid interactions. As such,
SEM can provide analysis of surface topography and subsurface structures to a
resolution of ~ 1 nm.

Furthermore, the intensity of elastically backscattered

electrons depends strongly on the atomic weight of the material with which the
electron beam interacts and consequently, can provide information on the
composition of the surface material. TEM allows analysis of the bulk structure of
thin samples, typically < 100 nm thick.

TEM uses higher energy electrons,

usually 80-300 keV, with greater penetration depths than those used in SEM. The
higher energy electrons can transmit through thin samples generating an image of
the bulk structure of the material. Additionally, the shorter wavelength of the high
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energy electrons allows improved resolution relative to SEM.28,29 SEM images
were collected on a Zeiss Supra 40 FESEM operating at 10 kV. A JEOL 2000FX
TEM operating at an acceleration voltage of 200 kV was used for bright field
imaging as well as selective area electron diffraction (SAED). Energy dispersive
X-ray (EDX) analysis was performed using an Oxford Instruments INCA energy
system fitted to the TEM. High resolution TEM (HRTEM) images were acquired
using JEOL 2010 and JEOL 2010F HRTEM instruments operating at 200 kV and
an FEI Titan HRTEM operating at 300 kV.

High-angle annular dark-field

(HAADF) scanning TEM images were collected using a JEOL 2010F HRTEM
instrument operating at an acceleration voltage of 200 kV and an FEI Titan
HRTEM operating at 300 kV.

Samples of Ge nanowires synthesised in solution and SCF phase experiments
were prepared for TEM analysis by ultrasonication of nanowire material in
acetone and drop-casting of the nanowire solution onto lacey carbon films on 400
mesh Cu TEM grids.

Samples of nanostructures prepared using EBL were

prepared for TEM analysis as cross-sections using a standard focused ion beam
(FIB) mill and lift-out technique on a FEI Helios Nanolab 600i dual-beam
SEM/FIB equipped with an Omniprobe micromanipulator. Figure 2.12 displays
an SEM image of a lamella used for TEM analysis of a cross-section through Si
nanowires prepared using EBL.
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Figure 2.12. SEM image of a lamella extracted from a patterned substrate and
attached to the tip of the Omniprobe micromanipulator for transfer to a Cu TEM
grid for TEM analysis.

2.4.3. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is based on the fact that X-rays have
sufficient energy to ionise atoms by removing core level electrons. The kinetic
energy of the ejected electrons (Ek) can then be measured at a detector. The
binding energy (Eb) can then be determined via the expression in equation 2.6,
where hν represents the energy of the X-ray photon, and φ represents the work
function of the spectrometer.30

Eb = hν − E k − ϕ
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A plot of Eb against intensity results in an XPS spectrum where peaks arise due to
core-level electrons emitted and detected without energy loss due to scattering.
These core-level electrons possess characteristic values of Eb inherent to the
electronic structure of the atom in the material analysed. The position and relative
intensity of these peaks can provide an insight into the chemical composition of
the material such as elemental oxidation state, relative elemental concentration
and local chemical environment.

Electrons can also experience inelastic

scattering events prior to detection and these electrons will contribute to the
background signal.

XPS is a surface sensitive technique as core-level electrons ejected upon X-ray
absorption can travel only short distances before experiencing an inelastic
scattering event. This distance is termed the inelastic mean free path and is
typically less than 2 nm.30 XPS analysis was performed on a VSW Atomtech
system with twin anode (Al/Mg) X-ray source. Survey spectra were collected at a
pass-energy of 100 eV, step size of 0.7 eV and a dwell time of 100 µs. Core-level
spectra were acquired as an average of 15 scans at a pass-energy of 50 eV, step
size of 0.2 eV and a dwell time of 100 µs.

2.4.4. Fourier Transform Infrared Spectroscopy
Infrared spectroscopy can be used to investigate the presence of different chemical
functional groups within materials. Infrared radiation can be absorbed resulting in
characteristic rotational and vibrational transitions in different functional groups.
The vibrational and rotational transitions manifest themselves as absorption peaks
in the infrared spectrum. Infrared absorption spectra can then be used to identify
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specific functional groups according to their absorption ‘fingerprint’.31 Fourier
transform infrared spectroscopy (FTIR) uses an interferometer to analyse all IR
wavelengths simultaneously.

The resultant interference pattern can then be

converted to a spectrum by a Fourier transformation. FTIR spectra in Chapter 3
were collected on a BioRad FTS-40A FTIR spectrometer at a resolution of 2 cm-1.
FTIR spectra in Chapter 4 were collected on a Thermo Scientific Nicolet 6700
FTIR spectrometer with a resolution of 4 cm-1 equipped with an attenuated total
reflectance (ATR) accessory (Harrick Scientific). The ATR accessory utilised a
Ge ATR crystal, and spectra were collected between 650 cm-1 and 3000 cm-1
using p-polarised light and averaged for 200 scans.
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3.1. Abstract
We report the self-seeded growth of highly crystalline Ge nanowires, with a mean
diameter as small as 6 nm without the need for a metal catalyst. The nanowires,
synthesized using the purpose-built precursor hexakis(trimethylsilyl)digermane,
exhibit high aspect ratios (> 1000) whilst maintaining a uniform core diameter
along their length. Additionally, the nanowires are encased in an amorphous shell
of material derived from the precursor, which acts to passivate their surfaces and
isolate the Ge seed particles from which the nanowires grow. The diameter of the
nanowires was found to depend on the synthesis temperature employed.
Specifically, there is a linear relationship between the inverse radius of the
nanowires and the synthesis temperature, which can be explained by a model for
the size-dependent melting of simple cubic crystals.

3.2. Germanium Nanowire Growth
The bottom-up assembly of semiconductor nanowires could potentially lead to the
future miniaturization of microelectronic devices. 1,2 Semiconductors which are
compatible with current Si processing techniques are of particular interest, in
order to minimize the cost and number of processing steps required for their
integration into current manufacturing procedures. Si and Ge are examples of two
such semiconductors, where Ge offers a number of distinct advantages over Si.
For instance, charge carriers in Ge have lower effective masses than in Si
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resulting in two important connotations. Firstly, the effective mass of the charge
carrier is inversely related to carrier mobility, giving charge carriers in Ge
increased mobility relative to Si.3 Likewise, the exciton Bohr radius is inversely
proportional to the effective mass of the charge carrier pair (exciton), implying
that Ge will begin to exhibit potentially exploitable quantum confinement
properties at larger dimensions (24.3 nm) compared to Si (4.9 nm). However,
significant quantum confinement effects will not be observed until dimensions
well below these exciton Bohr radii values are achieved.

For example, Ge

nanowires do not display noticeable quantum confinement effects at diameters
above 10 nm.4

Gold or similar catalytic colloidal metal particles are generally used to seed the
growth of semiconductor nanowires, in accordance with the vapor-liquid-solid
(VLS) growth mechanism proposed by Wagner and Ellis. 5 A high solubility of
the semiconductor material in the catalytic metal seed is crucial to enable the VLS
pathway to crystalline nanowire formation. However, the high solubility of the
semiconductor material in the metal seed means that metal atoms are inevitably
drawn into the crystalline nanowire matrix, resulting in detrimental effects on the
electrical properties of the nanowires.6 Perea et al.7 have recently made attempts
to detect and measure the concentration of dopant metal atoms in semiconductor
nanowires introduced by the VLS method.8
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This work demonstrates for the first time, that high aspect ratio Ge nanowires with
mean diameters below 10 nm and lengths up to 20 µm, can be synthesized by
bottom-up techniques in the absence of a metal catalyst seed.

Instead the

nanowires grow directly from liquid Ge droplets within a silicon-based matrix.
Few reports of Ge nanowires produced in the absence of a foreign catalytic seed
particle exist and none of these studies have produced long, straight, Ge
nanowires with mean diameters below 10 nm and a low defect density. Ge et al.9
reported the synthesis of Ge nanowires by the decomposition of the Ge salt
[(CH3(CH2)7CHCH(CH2)7CH2NH2)4Ge]4+(Cl-)4, in trioctylamine at 360 °C. They
found a correlation between the amount of precursor used in the reaction and the
mean diameter of the nanowires obtained (≥ 15 nm as determined using the
Scherrer expression), and suggested a VLS-type growth mechanism from liquid
Ge droplets.

Zaitseva et al.10 reported the synthesis of Ge nanowires from

tetraethylgermane, and attributed nanowire growth to a VLS mechanism whereby
the liquid seed took the form of nanoscale droplets of high boiling point
hydrocarbon material produced from the polymerization of the ethyl radicals
liberated during the precursor decomposition process. These nanowires exhibited
a broad range of diameters, spanning from 5 to 700 nm. Zhang et al.11 have
applied an oxide assisted growth (OAG) technique to synthesize Ge nanowires.
The technique, which involves laser ablating Ge in the presence of GeO 2 has been
used to produce Ge-GeO2 core-shell nanowires with core diameters ranging from
6 to 17 nm, and which possess an undulating core-shell interface. Meng et al.12
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have also produced Ge-SiOx core-shell nanowires with crystalline Ge nanowire
core diameters between 30-100 nm. These nanowires were grown by thermal
evaporation of SiO and Ge powders, and a combined OAG/VLS growth
mechanism was suggested.

Ge/SiCxNy core/shell nanocables have been

synthesized by Mathur et al.13 from Ge(N(SiMe3)2)2 using a chemical vapor
deposition (CVD) approach.

They assumed a self-seeded VLS-type growth

mechanism for these nanocables, which had a core diameter of ~ 60 nm. Lastly,
Gerung et al.14 have produced kinked Ge nanowires using a Ge2+ alkoxide
precursor. They suggested two possible growth mechanisms; VLS growth from
Ge nanoparticles and self assembly via homogeneous nucleation. The lowest
mean nanowire diameter achieved using this approach was 6 nm, with a mean
nanowire length of 50 nm. These reports, apart from the OAG method, suggest a
VLS growth mechanism for the formation of Ge nanowires. Furthermore, only
the work of Gerung et al. reports a mean Ge nanowire diameter as low as that
reported here. However, these nanowires had low aspect ratios (< 10) and the
crystals produced contained many defects.

As stated earlier, a liquid seed droplet is a prerequisite for the VLS growth of Ge
nanowires. The aim of this work was therefore, not only to demonstrate the
synthesis of Ge nanowires in the absence of a foreign metal seed catalyst, but also
to exploit the exaggerated melting point depression of Ge at the nanoscale in order
to control the diameter of the nanowires produced. The choice and design of a
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suitable precursor is key, in order to prevent aggregation and coarsening of Ge
nanocrystals resulting in undesirable microparticles. In addition, the selection of
an appropriate synthesis temperature is essential to optimize the quality and
quantity of the nanowires produced. The temperature chosen must be sufficiently
high to allow precursor decomposition, and liberation of Ge atoms, but also be
low enough to prevent coagulation of Ge nuclei forming particles of larger
diameters. To date, nanowire diameter control has been achieved either through
the use of pre-synthesized colloidal seed metal particles15 or porous substrates
which act as templates or moulds for the nanowires.16,17 This work demonstrates
that a pre-synthesized metal seed particle is not required to exert control over the
diameter of Ge nanowires.

Exploitation of the melting point depression of

materials at the nanoscale to control the dimensions of nanowires has previously
been suggested.18,19 However, these suggestions were again made for metalcatalyzed nanowire growth and specifically the use of the depressed Au-Ge
eutectic point at the nanoscale to control nanowire diameters.

The nanowires reported here were produced in solution and within a supercritical
fluid

(SCF)

medium

using

the

metalorganic

precursors

hexakis(trimethylsilyl)digermane (Ge2(TMS)6) and tris(trimethylsilyl)germane
(HGe(TMS)3). The nanowires were sheathed in a layer of amorphous material,
composed of Si, C, O and Ge. This shell is representative of the decomposed
precursor material that did not form Ge nanowires, and acted to passivate the
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nanowires. This work follows on from the previous report made by our group on
the growth of Ge/SiOx, core/shell nanocables, from Ge2(TMS)6 via gold and
nickel-catalyzed VLS growth.20 The gold and nickel catalyzed nanowires were
found to grow faster and with larger diameters than those grown from Ge 2(TMS)6
in the absence of such metal seeds.

3.3. Results
A selection of TEM and STEM micrographs of Ge nanowires grown at each of
the synthesis temperatures employed in this work are shown in figures 3.1-3.4.
Many of the nanowires shown in figures 3.1-3.4 exhibit a core-shell morphology,
with a highly crystalline Ge nanowire core of uniform diameter, and a nonuniformly thick, amorphous shell material. The Ge nanowire core is typically less
than 20 nm in diameter for all synthesis temperatures employed.
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50 nm
Figure 3.1. a), c), d) and f) bright field TEM micrographs of Ge nanowires
synthesised at 573 K. b) and e), HAADF STEM micrographs of Ge nanowires
synthesised at 573 K showing the Z contrast difference between the Ge nanowire
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core and the Si-based shell. Inset (c), FFT pattern obtained from nanowire in (c)
showing the <110> growth direction.

Figure 3.2. a-f) Bright-field HRTEM micrographs of Ge nanowires synthesised at
673 K. Inset (a), FFT of Ge nanowire in (a) indicating <110> growth axis.
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50 nm

5 nm
Figure 3.3. a-e) Bright-field TEM micrographs of Ge nanowires synthesised at
523 K. f) HAADF STEM micrograph of a Ge nanowire synthesised at 523 K
showing the Z contrast difference between the Ge nanowire core and the Si-based
shell. Inset in (c) and (e) are FFT patterns generated from the TEM images of the
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nanowires in (c) and (e) respectively.

<110> growth directions for both

nanowires can be inferred from the FFT patterns.

5 nm

100 nm

Figure 3.4. a-d) Bright-field TEM micrographs of Ge nanowires synthesised at
5573 K. e) and f) HAADF STEM micrographs of Ge nanowires synthesised at
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573 K showing the Z-contrast difference between the Ge nanowire core and the
Si-based shell.

TEM analysis of the nanowires produced in this work revealed a relationship
between the chosen synthesis temperature and the diameter distribution of the Ge
nanowires produced from Ge2(TMS)6. This relationship is highlighted in figures
3.5 and 3.6.
30
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Figure 3.5.

Lorentzian Ge nanowire diameter distributions obtained at four

different synthesis temperatures. The centers of the distributions are 6.3 nm, 7.1
nm, 7.5 nm, and 9.4 nm for temperatures of 573 K, 673 K, 723 K and 773 K
respectively.
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Figure 3.6. Plot of synthesis temperature against the inverse of the corresponding
nanowire radius. The four data points from this work are highlighted. Error bars
represent the full width at half maximum (FWHM) of the Lorentzian fits in figure
3.5.

The dashed line represents a linear regression of these four points,

extrapolated to intercept the y-axis. The green trace represents the theoretical
melting point at the nanoparticle-nanowire interface in a VLS grown Ge nanowire
by the Lindemann model. The bulk melting point of Ge (1211 K) is clearly
marked on the y-axis.
Figure 3.5 shows a plot of the percentage of nanowires obtained with a given
diameter for each of the four synthesis temperatures employed. Each trace in this
plot represents a Lorentzian fit to the raw data which was obtained by direct
measurement of the nanowire diameters using TEM. A Lorentzian model was
found to display the best overall fit to the raw nanowire distribution data shown in
figure 3.7 when all temperatures were considered. However, a change in the
shape of the nanowire diameter distribution curve with increasing temperature
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should not be discounted.

For example, a log-normal model shows slightly

improved fitting when applied to the distributions obtained from lower synthesis
temperatures (R2 = 0.94 at 573 K, R2 = 0.93 at 673 K). R2 values for a Lorentzian
model are shown in the caption for figure 3.7. Application of a log-normal model
to the data in figure 3.7 does not however, result in a change in the centres of the
obtained distributions.

A distinct increase in the centre of the Lorentzian

distribution was observed as the synthesis temperature increased. The observed
relationship between temperature and nanowire radius is indicative of a thermally
controlled nanowire growth process.

Figure 3.7. A plot of percentage of Ge nanowires measured against Ge nanowire
diameter for synthesis temperatures of 573 K, 673 K, 723 K and 773 K. The blue
trace represents a Lorentzian fit to the data. (a) 91 nanowires were measured by
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TEM. Lorentzian curve centred at 6.3 nm (R2 = 0.90) and has a FWHM of 2.0
nm. (b) 97 nanowires were measured by TEM. Lorentzian curve centred at 7.1
nm (R2 = 0.91) and has a FWHM of 3.0 nm. (c) 92 nanowires were measured by
TEM. Lorentzian curve centred at 7.5 nm (R2 = 0.93) and has a FWHM of 2.2
nm. (d) 91 nanowires were measured by TEM. Lorentzian curve centred at 9.4
nm (R2 = 0.86) and has a FWHM of 3.0 nm.

Since its conception in 1910 the Lindeman criterion has been shown to accurately
describe the melting of simple metals, i.e. close-packed arrangements of atoms.21
Central to the Lindemann criterion is the relationship between the root-meansquare thermal average amplitude of vibration of an atom in a crystal, and
temperature. The criterion states that when the amplitude of vibration of an atom
in a material reaches a threshold value, melting ensues. This threshold value for
the vibrational amplitude is ~ 10 % of the mean interatomic separation in that
material. Melting is known in many cases to initiate at the surface of materials
where separation of atoms differs significantly from that within the bulk. 22
Nanoscale materials such as nanowires and nanoparticles exhibit a high surface to
volume ratio, and as such can be expected to melt at lower temperatures than their
bulk counterparts. Recently, a model has been derived to describe the relationship
between the melting temperature and particle size based on the Lindeman
criterion,23 as represented by equation 3.1 where Tr and T0 are the melting points
of the nanocrystal and the bulk material respectively, r0 represents the critical
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radius at which all of the atoms of the nanocrystal are at the surface, r denotes the
particle/wire radius, R is the ideal gas constant, and S m is the bulk melting entropy
(31.1 JK-1 mol-1 for Ge).24

( S m  R) 
Tr

 exp   2
T0
3R(r / r0  1) 


(3.1)

The critical radius r0 can be determined from the expression, r0 = (3 – d)(6Ω/π)1/3,
where d denotes the dimension of the solid (d = 0 for nanoparticles, d = 1 for
nanowires and d = 2 for thin films), and Ω denotes the volume per atom in the
bulk solid material. The choice of an appropriate value of r 0 for the nanowires
produced in this work requires a number of considerations. If we assume a
supercritical fluid-liquid-solid (SFLS) or solution-liquid-solid (SLS) growth
mechanism for the nanowires, the Ge nanoparticles should preferentially exist in a
liquid state at the synthesis temperature to act as seeds for the SFLS/SLS growth
of Ge nanowires. Furthermore, the nanowires produced must be sufficiently large
in diameter to exist as a solid at the synthesis temperature. It is well known that
the interface between a solid wire and a liquid particle is important in the VLS
growth of nanowires, and ultimately that it can determine the diameter of the
nanowires formed.25 Given that during the VLS growth of a Ge nanowire from a
Ge seed, where the seed particle is in the liquid state and the nanowire is in the
solid state, the interface of the wire and seed must be exactly at the melting point,
i.e. at the phase boundary between liquid Ge and solid Ge. Therefore, the value of
ro chosen must lie between that of a nanowire (r o = 0.702 nm) and that of a
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nanoparticle (ro = 1.053 nm). The value of ro used here was 0.88 nm, midway
between that of a nanoparticle a nanowire. The solid trace in figure 3.6 represents
a plot of Tr against 1/r using the model outlined above. The model is pseudolinear for the range of values of 1/r shown in figure 3.6. The plot intercepts the yaxis at 1211 K, the bulk melting temperature of Ge. The dashed trace represents a
linear fit to the four mean radii obtained from the plots in figure 3.5, and
correlates well with the model described herein.

A distinct increase in the diameter distribution with increasing temperature is also
apparent from the data shown in figure 3.5. The full-width at half maximum
(FWHM) of the Lorentzian distribution of diameters for nanowires synthesized at
573 K was 2.0 nm, compared to a FWHM value of 3.0 nm for nanowires
produced at 773 K. The broader distribution at 773 K may be attributed to two
factors. Smaller diameter wires may form at temperatures below 773 K as the
room temperature precursor solution is injected into the reactor. Also, larger
diameter wires may form by a solid-phase seeding mechanism as larger Ge
particles would exist in the solid phase at 773 K.

Figure 3.8 (a) shows a TEM micrograph of a typical Ge nanowire grown at 773 K
from Ge2(TMS)6 using the high pressure method outlined above. This micrograph
clearly shows the core-shell morphology of the nanowires produced at these
temperatures, as observed by the contrast difference between the dark Ge core,
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and the lighter amorphous shell. The nanowire has a 10 nm diameter, crystalline
Ge core. Figure 3.8 (c) (inset) shows a higher magnification HRTEM micrograph
of a similar 10 nm diameter nanowire with a 3 nm thick shell. This HRTEM
micrograph was recorded along the <111> zone axis of the crystalline nanowire.
Figure 3.8 (b) displays a FFT image of figure 3.8 (c) and highlights the low defect
density present in the Ge nanowire core. A <211> crystal growth direction can be
inferred from the FFT of the HRTEM micrograph. The Ge nanowires produced in
this work generally exhibit <110> growth directions, whilst approximately 25 %
of the nanowires analysed were oriented along the <211> crystal axes. No <111>
oriented nanowires were observed amongst the nanowires produced in this work.
This observation is consistent with reports on the diameter dependent growth
direction of Si nanowires produced by CVD using Au catalyst. Schmidt et al.26
found that growth of <110> oriented Si nanowires is more prevalent than growth
of <211> or <111> oriented nanowires, for nanowires less than 20 nm in
diameter. Given that Si and Ge share the same crystal symmetry, a similar sizedependent nanowire growth direction may be expected for Ge.
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Figure 3.8. (a) TEM micrograph of a typical nanocable synthesized at 773 K,
showing the distinct core-shell morphology. (b) Inset, a fast Fourier transform
(FFT) of the HRTEM image in (c), highlighting a low defect density in the
crystalline Ge nanowires, (c) HRTEM micrograph of a similar 10 nm diameter Ge
nanowire to that shown in (a). The image was obtained along the <111> zone axis
of the Ge nanowire.

Figure 3.9 displays a SEM micrograph highlighting the high density of nanowires
produced using the methods outlined above.

The SEM micrograph also

emphasizes the high aspect ratio of the nanowires produced. Inset in figure 3.9 is
a HAADF STEM micrograph of three Ge nanowires produced at 673 K. The
distinct contrast difference between the Ge nanowire core and the amorphous Sibased shell emphasizes the core-shell morphology of the nanowires. The image
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also highlights the uniformity of the core diameter relative to the shell thickness.
Hence, whilst the amorphous shell is non-uniform in thickness the core diameter
remains uniform along the length of the nanowires.

Figure 3.9. A SEM micrograph of the Ge nanowires produced in this work. Inset
is a HAADF STEM micrograph of Ge nanowires synthesised at 673 K, clearly
displaying the core-shell morphology of several Ge nanowires. Including shell,
the nanowires shown are 20 to 50 nm in diameter, whilst the cores are 8 to 10 nm
in diameter and show good uniformity along the wires.

An XRD pattern of a sample of these nanowires is shown in figure 3.10. The
most intense reflections can be indexed to cubic Ge (JCPDS, reference pattern 040545, space group Fd3m).

The broad reflections are characteristic of the
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nanoscale dimensions of small diameter nanowires and minor Ge nanoparticle byproducts. The broad hump in the baseline of the XRD pattern between 40 and 60
°2θ could be attributed to the amorphous Si-based matrix present in the nanowire
sample. This Si-based by-product has been investigated by EDX and TEM, and
was found to be composed of Ge, Si, C, & O. SAED of some of the smaller
particulate by-product revealed that the material was largely amorphous in nature
although it did have some polycrystalline component.

The polycrystalline

component could be attributed to Ge nanoparticles present within an amorphous
matrix.

(220)

Intensity (a.u.)

(111)

(311)

(400)

20

40

60

2deg)
Figure 3.10. PXRD pattern of a sample of Ge nanowires synthesized at 673 K.
All reflections can be indexed to cubic Ge (JCPDS, reference pattern 04-0545,
space group Fd3m). The broad hump in the background observed between the
(220) and (311) reflections is due to amorphous Si-based material present in the
sample.
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The shell of the amorphous material found on Ge nanowires produced at higher
temperatures was investigated by EDX analysis. Three 8 nm diameter nanowires
with different shell thicknesses (5 nm, 10 nm, and 20 nm) were examined. EDX
revealed Si/Ge atomic ratios of 4.0, 4.5 and 5.5 for the wires with 5 nm, 10 nm
and 20 nm shells respectively. This investigation suggests that the amorphous
shell is largely composed of Si. However, the Si/Ge ratio would be expected to
increase more significantly if the shell was purely amorphous Si or SiO 2,
suggesting that Ge or C are also present. Furthermore, FTIR analysis of a sample
of nanowires produced at 723 K (figure 3.11) revealed strong Si-O vibrational
modes at 460 cm-1, and 1080 cm-1. Weaker Si-O vibrational modes were also
observed at 565 cm-1, 798 cm-1, and 1153 cm-1. The broad peak at approximately
1225 cm-1 could be attributed to a Si-O-C vibrational mode. The weak peak at
1489 cm-1 may be attributed to a Si-CH2 scissor mode and the other weak peaks at
2855 cm-1 and 2927 cm-1 can be assigned to the vibrational modes of alkyl
groups.27,28 The FTIR data tentatively suggests that the trimethylsilyl (TMS)
groups in the precursor are partially decomposed during the synthesis process.
The weak Si-CH2 and alkyl vibrational modes suggest that some of the TMS
groups remain intact following nanowire synthesis, but, the intense Si-O
vibrational modes suggest that many of the TMS groups decompose to produce Si
which is subsequently partially oxidized by reaction with trace levels of water
present in the system. The composition of the shell material coating the Ge
nanowires cannot be stated conclusively as the FTIR spectrum was recorded for
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all the material present in the sample which includes Ge nanowires coated in an
amorphous shell, as well as the particulate by-product.

Figure 3.11 FTIR spectrum of a sample of Ge nanowires produced from
Ge2(TMS)6 at 450 °C. Inset, magnified views of weaker absorption bands.

Experiments using HGe(TMS)3 as a precursor to generate Ge nanowires were
found to require longer synthesis times than those required for Ge 2(TMS)6 to
produce an identical nanowire product, although in lower yield.

The longer

synthesis time, approximately double that required for Ge2(TMS)6 to produce
nanowires, may be attributed to the slower decomposition kinetics of the
precursor.

However, it is also possible that the evolution of hydrogen upon

cleavage of the Ge-H bond in HGe(TMS)3 has an adverse effect on the nanowire
growth process. A TEM micrograph of a typical nanowire produced at 673 K
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from this precursor can be seen in figure 3.12. The nanowire closely resembles
those produced from Ge2(TMS)6. A Lorentzian fit (R2 = 0.73, FWHM = 3.0 nm)
to a plot of percentage nanowires against Ge nanowire diameter, for these
nanowires was centered at a diameter of 7.1 nm. This is in good agreement with
the value of 7.1 nm obtained for Ge nanowires produced from Ge 2(TMS)6 at 673
K.
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Figure 3.12.

A TEM micrograph of a typical nanowire produced from

Ge(TMS)3. Scale bar represents a length of 200 nm. Inset, is a bar graph showing
the observed diameters of the crystalline Ge nanowire cores as measured by TEM.
In an attempt to clarify the growth mechanism of the Ge nanowires a number of
other experiments were performed.

Firstly, experiments using synthesis

temperatures below 703 K were performed in glassware as described in detail
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above, in order to eliminate the possibility of Ge nanowire growth occurring from
iron, chromium or nickel in the stainless steel cell walls. These experiments
proved to be successful as Ge nanowires were produced with a similar yield and
quality to those produced in the higher pressure experiments. An example of a
nanowire synthesized at 673 K can be seen in the HRTEM micrograph in figure
3.13 (a). The nanowire is 8 nm in diameter and exhibits a <110> crystal growth
direction. Worthy of note here is that the high pressure approach is still required
for synthesis at temperatures above 703 K due to thermal limitations of
conventional high boiling point solvents (octacosane (b.p. 703 K) and squalane
(b.p. 693 K)) thus ruling out a solution phase approach.

All glassware was

cleaned with aqua regia prior to use in these experiments to remove any trace
metals present. Furthermore, the precursor solution was not brought into contact
with any metals prior to, or during the nanowire synthesis. Every effort was also
made to ensure the absence of impurities in the precursor solution which might
induce nanowire growth. Previously, Chockla et al.29 reported the growth of Ge
nanowires via the thermal dissociation of diphenylgermane in dotriacontane.
Detailed investigations of this process revealed that NaCl impurities were
responsible for initiating nanowire growth. However, thermal decomposition of
diphenylgermane in each of the solvents used in our study did not produce any
nanowires, suggesting that the presence of a Si-based material is crucial to
facilitate nanowire growth in the absence of a foreign metal catalyst.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

115

Chapter 3: Self-Seeded Growth of Sub-10 nm Germanium Nanowires

In order to investigate the early stages of Ge nanowire growth from Ge 2(TMS)6, a
precursor solution was heated to 573 K for 24 h. The resulting product was
composed primarily of large particles from which Ge nanowires, with a mean
diameter of approximately 6 nm, protruded. Figure 3.13 (b) shows a HRTEM
micrograph of a nanowire synthesized at 573 K. The nanowire does not possess
an amorphous coating and has no apparent surface oxide. No seed particles were
observed at the tips of the nanowires protruding from the microparticles
suggesting that a root growth process is in operation here if a VLS-type growth
mechanism is to be invoked. Figure 3.13 (c) shows a HRTEM image of the tip of
one such nanowire. The nanowire was 4.3 nm in diameter and a <110> growth
direction can be elucidated from the lattice spacing in the HRTEM image.
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Figure 3.13.

(a) HRTEM micrograph of an 8 nm diameter Ge nanowire

synthesized at 673 K, (b) HRTEM micrograph of a Ge nanowire observed during
the early stages of growth. The wire has a <211> growth direction and the {110}
atomic planes are visible at 60° to the growth axis. No surface oxide layer was
observed on the nanowire surface. (c) The tip of a <110> oriented Ge nanowire
protruding from a largely amorphous microparticle.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

117

Chapter 3: Self-Seeded Growth of Sub-10 nm Germanium Nanowires

A HRTEM micrograph of Ge nanoparticles which are abundant within the siliconbased matrix at the early stages of nanowire growth is shown in figure 3.14. The
nanoparticles are essentially Ge nuclei that did not produce nanowires, either
because there was insufficient Ge feedstock remaining to fuel the particles for
nanowire growth, or because the particles were isolated from the Ge feedstock by
the silicon-based matrix. The nanoparticles reveal an interplanar spacing of 0.4
nm, which corresponds to {110} planes in cubic Ge. The lower magnification
TEM image (inset lower left) in figure 3.14 shows the relative abundance of these
nanoparticles at the early stages of nanowire growth. The presence of the siliconbased matrix is critical to separate these Ge nanoparticle seeds, thus preventing
aggregation of nanoparticles and promoting Ge nanowire growth. It is for this
reason that the structure, and the Si:Ge ratio of the Ge2(TMS)6 and HGe(TMS)3
precursors is important.

A further experiment was performed in order to investigate the influence of the
cooling rate on the products recovered when shorter synthesis times were used.
This involved heating the precursor solution to 673 K for 24 h, at which point the
solution was quenched in a flask of liquid nitrogen. The product observed was
similar to that observed in figure 3.14, and an example of this product can be
found in figure 3.15.
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Figure 3.14. HRTEM micrograph of aggregated Ge nanoparticles observed at the
surface of Si rich microparticles. Inset bottom left, a lower magnification TEM
image of similar nanoparticles showing the surrounding Si based matrix, scale bar
100 nm.
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Figure 3.15. Ge nanoparticles within a Si-based matrix. The nanoparticles were
collected from a precursor solution which was heated to 300 °C for 24 h and
quench cooled in liquid nitrogen. Inset, a HRTEM micrograph of a 3 nm diameter
Ge nanoparticle within the Si rich matrix material.

The growth of Ge nanowires from Ge2(TMS)6 and HGe(TMS)3 can be divided
into a number of stages. Firstly, the precursor must decompose to liberate Ge
atoms. The strengths of the bonds present in this compound reveal that the Ge-Ge
bond is the weakest (D0(298 K) = 263.6 kJ mol-1) followed by the Ge-Si bond
(D0(298 K) = 296.4 kJ mol-1). The bond dissociation energy for a Si-C bond is
significantly higher (D0(298 K) = 451.5 kJ mol-1).24 Therefore Ge atoms will be
liberated first prior to the decomposition of the trimethylsilyl groups. The Ge
atoms then begin to nucleate and exist as liquid droplets at a synthesis temperature
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of 673 K until they reach a critical diameter of ~7 nm, at which point they begin
to solidify.9,30 Silicon-based material derived from the trimethylsilyl groups of the
precursor, forms a matrix and essentially acts to separate the Ge nuclei preventing
them from aggregating and forming solid particles.

This matrix thus allows

molten Ge droplets to exist, as it prevents the Ge particles from sintering. It is
unclear why Ge nanowires would spontaneously form from Ge droplets via a
VLS-type mechanism given the cubic symmetry of the Ge crystal lattice. As
such, a conventional VLS mechanism may not be applicable here, and
unidirectional crystal growth may involve another less conventional growth
mechanism which shall be discussed later.

Coagulation of nuclei to diameters greater than 7 nm could result in two possible
outcomes.

Firstly, these nuclei could continue aggregating and form larger

particles which have been observed in samples of the nanowire material produced
here. Another possibility is that these larger nuclei which are expected to exist in
a solid state at the synthesis temperature could produce nanowires via a solid
phase seeding mechanism. Ge nanowires seeded from solid particles have been
shown to exhibit slower growth kinetics than those seeded from liquid seed
droplets.31 Larger diameter nanowires may therefore be expected to be shorter in
length due to their slower growth kinetics. However, studies have also shown that
the nanowire growth rate to be proportional to diameter, giving larger diameter
nanowires faster growth kinetics in CVD-based experiments.32 The result is that
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no significant variation in the length of nanowires was observed for the range of
diameters produced here.

Following nanowire growth, a non-uniform amorphous shell of the matrix
material was found to deposit around the nanowires.

This shell material is

composed of Si, Ge, C and O and can be thought of as decomposed precursor
material that did not produce nanowires. The shell acts to passivate the crystalline
Ge nanowire surface rendering the nanowires resistant to atmospheric oxidation.
For example, the nanowire displayed in figure 3.8 (c) was stored in air for 6
months prior to TEM analysis, and as shown by the FFT pattern (figure 3.8 (b)),
its crystallinity remains. The amorphous shell may also improve the electrical
transport properties of the nanowires by saturating any dangling bonds at the
surface of the Ge crystal, thus potentially removing surface states which can act to
trap charge carriers in the crystal. The Si-based shell would also prevent the
formation of a Ge/GeO x interface which is undesirable due to the instability of
GeOx.33

Notably, nanowires produced at higher temperatures invariably

possessed thicker amorphous shells than those produced at lower temperatures. In
fact, many nanowires produced at 573 K (figure 3.13 (b)) did not exhibit any
visible amorphous shell, suggesting that the amorphous shell forms in a separate
step after growth of the nanowire core.
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As stated earlier, a VLS growth mechanism is not a likely explanation for the
production of Ge nanowires from Ge nanoparticles observed in the present work.
However, a number of other nanowire growth mechanisms should also be
considered.

A similar formation mechanism as described for oxide-assisted

growth (OAG) could be possible, as the amorphous shell material here could also
be considered as an inert backbone facilitating nanowire growth. Reports on the
OAG mechanism state that a monoxide species such as SiO is a prerequisite for
nanowire growth. This oxide acts as a sink for the vapor phase feedstock needed
for nanowire growth, whilst also capping lateral growth of the nanowire. 12,34 To
date, there have been no reports of solution phase or supercritical fluid phase
OAG of semiconductor nanowires, nor has there been any report of diameter
control in nanowires produced by the OAG method. However, OAG of Ge
nanowires requires the presence of a Ge species and an oxide species in equal
measures to facilitate nanowire growth. As such, an OAG mechanism cannot
explain the nanowire growth observed here, given the great care taken to eliminate
water and oxygen from the synthesis process.

Soft templating is another potential route to nanowire production in the absence of
catalytic growth seeds.

This approach involves ligand control strategies for

nanowire synthesis. Essentially, a ligand or surfactant is used to cap crystal
growth in certain directions, thus facilitating unidirectional nanowire growth. 35,36
An inherent structural anisotropy is generally required to allow unidirectional
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growth of crystals by this method. However, reports do exist for cubic metals
such as Au.37 Consequently, it is possible that the Si-based matrix present in this
work plays the role of a soft template, thus guiding nanowire growth.

Nucleation of nanowires by oriented attachment has also been reported for a
number of compound semiconductors such as CdS, 38 CdTe,39 and PbS.40 The
oriented attachment of nanoparticles of these compounds to form unidirectional
structures has been attributed to the formation of a permanent or temporary
electric (or magnetic) dipole in each nanocrystal. This mechanism is plausible for
ionic structures consisting of layers of cations and anions, but unlikely for cubic
Ge. However, oriented attachment has also been observed for metals such as Au
where long-lived dipoles are unexpected.41,42

A complete understanding of

oriented attachment in the case of highly symmetric cubic materials such as Au
has not yet been achieved. Halder et. al.42 suggested that a smoothing process at
the interface between two fusing particles would provide sufficient asymmetry in
the structure to produce a temporary electric dipole which would then act as the
driving force for further particle attachment forming an elongated nanowire
structure. Such a smoothing effect could be explained by the negative chemical
potential expected at the interface between the particles due to the concave
curvature at this interface. This negative chemical potential would provide a
thermodynamic driving force for the smoothing effect and facilitate an oriented
attachment growth mechanism for nanowires of cubic crystalline materials. If the
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observed correlation between nanowire diameter and the depressed melting point
of Ge at the nanoscale is coupled to the possibility of an oriented attachment
growth mechanism for Ge nanowires, a plausible growth mechanism for the
nanowires produced in this study can be formulated.

As stated earlier, the Ge nanoparticles observed at the early stages of Ge nanowire
growth, as shown in figure 3.14, are expected to exist in a semi-molten state as
they are near to their theoretical melting point. These particles should readily fuse
with one another, solidifying as they do so. Smoothing of the elongated structure
formed, would then allow further particle attachment in accordance with previous
reports on the oriented attachment of nanoparticles.

Furthermore, the high

curvature at the ends of these elongated structures would suggest that their tips
would exist in a semi-molten state during nanowire growth. These semi-molten
regions would encourage further particle attachment and one-dimensional growth.
The nanowire shown in figure 3.13 (b) displays a hallmark of this mechanism to
the right of the image where two thicker sections of nanowire are separated by a
thinner section suggesting that two particles may have fused at this point. Ge
nanoparticles are rarely seen when nanowire growth is complete. This suggests
that the nanoparticles are involved in the nanowire growth process and oriented
attachment is a viable route to nanowire formation.

It is suggested that the

process of semi-molten particle fusion is the likely nanowire growth mechanism at
play in the present work.
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Additional support for the mechanism outlined above may be found when the
shapes of the nanowire diameter distributions shown in figure 3.7 are considered.
As stated previously a log-normal model best describes the nanowire diameter
distributions at lower temperatures (573 K and 673 K). A log-normal diameter
distribution has been shown previously to be indicative of coalescence.43
Consequently, the shape of the nanowire diameter distribution curves also
supports the nanowire growth mechanism outlined above, whereby coalescence of
Ge nanoparticles, which are near their melting point due to the depressed melting
point of nanoparticles with respect to analogous bulk material, leads to formation
of Ge nanowires. The change in the shape of the nanowire diameter distribution
curves with increasing temperature suggests that an additional crystal growth
mode may be involved at higher synthesis temperatures.

For example, the

diameter distribution curve for nanowires synthesized at 773 K shown in figure
3.7 (d) displays a broader diameter distribution than for nanowires synthesized at
lower temperatures. Future work may involve deconvolution of the nanowire
distribution curves in parallel with in-situ nanowire growth studies to further
confirm the underlying nanowire growth mechanism in operation for the system
shown here.

3.4. Conclusions
In conclusion, this work has demonstrated that highly crystalline Ge nanowires
exhibiting diameters as small as 4 nm can be synthesized in the absence of a
conventional foreign metal catalyst such as colloidal gold nanoparticles.
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Conventionally, foreign seed crystals and porous templates have been the only
routes that allow diameter control of Ge nanowires. This report suggests that the
significant melting point depression of Ge and other semiconductors at the
nanoscale may provide a means to predict and control the diameters of
semiconductor nanowires, by careful control of synthesis temperature, and
precursor design.
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4.1. Abstract
In this chapter a chemical process to remove the native oxide on Ge and Bi2Se3
crystals, thus facilitating high-resolution electron beam lithography (EBL) on their
surfaces using a hydrogen silsesquioxane (HSQ) resist is reported. HSQ offers
the highest resolution of all the commercially available EBL resists. However,
aqueous HSQ developers such as NaOH and tetramethylammonium hydroxide
(TMAH) have thus far prevented the fabrication of high-resolution structures via
the direct application of HSQ to Ge and Bi2 Se3, due to the solubility of
components of their respective native oxides in these strong aqueous bases. This
work thus provides a route to ordered, high resolution, high density Ge and Bi2Se3
nanostructures with potential applications in the microelectronics, thermoelectrics
and photonics devices.

4.2. Introduction
4.2.1. Hydrogen Silsesquioxane

Hydrogen silsesquioxane (HSQ) is a high resolution, negative-tone, inorganic,
electron beam lithography (EBL) resist, which is capable of producing high
density features in the sub-20 nm regime.1,2 Additionally, following electron
beam exposure, HSQ physically and chemically, closely resembles SiO 2.3 This
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similarity to SiO2 ensures that HSQ is inherently compatible with current
microelectronics processing. To date, the use of HSQ has been largely limited to
Si processing, although the application of HSQ to several other materials has been
reported.4–6

This work describes the application of a HSQ EBL process to single crystal Ge
wafers, and Ge and Bi2Se3 thin films grown by molecular beam epitaxy (MBE).
To date, the use of a high resolution HSQ process on these materials has been
hindered by the high solubility of their respective native oxides in the aqueous
bases of traditional HSQ developers, e.g. tetramethylammonium hydroxide
(TMAH) and NaOH.

The present work highlights successful routes toward

removing the native oxides of these materials immediately prior to HSQ
deposition to facilitate high-resolution EBL.

4.2.2. Germanium
Ge is an intrinsic Group 14 semiconductor which offers a number of distinct
advantages over Si for microelectronic device applications. 7,8

Namely, Ge

exhibits superior electron and hole mobilities relative to Si and has a lower band
gap energy.9 Ge possesses a complex native oxide (GeOx) consisting of GeO and
GeO2 components.

Both GeO and GeO2 are soluble in TMAH and NaOH.

Consequently, if a GeOx layer exists between the Ge crystal and the HSQ EBL
resist, dissolution of the underlying GeO x layer during development of the resist
will result in lift-off of any high resolution features written by EBL. Removal of
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the native Ge oxide is thus imperative prior to HSQ deposition, to facilitate the
use of traditional aqueous HSQ developers. Although non-aqueous developers do
exist for HSQ, these have been shown to offer significantly lower resolution than
their aqueous counterparts.10

4.2.3. Bismuth Selenide
Bi2Se3 has attracted much attention due to recently discovered topological
insulating properties in the material. 11,12 Topological insulator nanowires and
nanoribbons may have applications in quantum computing. 13 Bi2Se3 has also been
extensively

studied

for

thermoelectric

devices

and

infra-red

detector

applications.14 Dresselhaus and co-workers proposed in the early 1990s that onedimensional thermoelectric materials would display enhanced thermoelectric
performance relative to bulk materials, due to reduced thermal conductivity in the
1 D structures caused by confinement effects on the mean free path of phonons in
the confined material. As a result, 1 D thermoelectric materials such as Bi2Se3
nanowires and nanoribbons have been increasingly researched as potentially
useful materials in next generation thermoelectric generators.15

Kong et al.

recently showed that the native oxide on Bi2Se3 is composed of both BiOx and
SeOx, and while the BiO x component forms rapidly on oxide free Bi2Se3 surfaces,
the SeOx component forms more slowly.16 Importantly, at room temperature, the
SeOx component of the native oxide is soluble in aqueous bases, whilst the BiO x
component is not.17 Consequently, application of a HSQ EBL process to Bi2Se3
requires removal of SeOx prior to HSQ deposition. This work thus details a

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

134

Chapter 4: Resist-Substrate Interface Tailoring for Generating High Density Arrays of Ge and Bi2Se3 Nanowires by Electron Beam Lithography

reproducible route to the production of high resolution features on Ge and Bi2Se3
using a HSQ direct-write, negative-tone, EBL process.

4.3. Results
4.3.1. Ge Lithography
Cl-terminated Ge was found to successfully eliminate the presence of an
interfacial Ge oxide between the Ge substrate and the HSQ EBL resist.
Elimination of the native oxide on Ge thus allowed for the production of ordered
arrays of 20 nm wide HSQ lines directly onto the Ge surface. Figure 4.1 shows a
SEM micrograph of 20 nm wide HSQ lines produced on Cl-terminated p-Ge.
Chlorination of Ge substrates is detailed in section 2.3.4. Inset in figure 4.1 is a
SEM micrograph of a Ge sample for which the native oxide was not removed
prior to HSQ deposition and EBL exposure.

Comparing the two SEM

micrographs in figure 4.1, it is apparent that removal of the native Ge oxide prior
to EBL is necessary to produce ordered arrays of high-resolution HSQ features on
Ge surfaces. The requirement for removal of the native Ge oxide prior to EBL
processing can be attributed to the high solubility of GeO 2, and to a lesser extent
GeO, in strong aqueous bases such as NaOH. When the sample shown in the
inset of figure 4.1 is placed in the developer solution after electron beam
exposure, the native Ge oxide between the Ge crystal and the exposed HSQ is
dissolved. Dissolution of the native Ge oxide in the developer solution results in
partial lift-off of the HSQ lines and consequently a loss of order in the resultant
HSQ mask as shown in the SEM micrograph inset in figure 4.1. Line edge
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roughness (LER) of the 20 nm wide HSQ lines (pitch 70 nm) was measured at 3.4
nm (3σ) by analysis of high magnification SEM images using ImageJ image
processing software as described in chapter 2.

Figure 4.1. 20 nm wide HSQ lines at a pitch of 70 nm, written on a Ge <100>
substrate at an area dose of 900 µC cm-2. Inset, 20 nm wide HSQ lines at a pitch
of 70 nm, written on a Ge <100> (GeO x surface) substrate at an area dose of 900
µC cm-2.

Figure 4.2 shows Ge 3d core level XPS spectra for Ge samples before and after
chemical treatment to remove the native Ge oxides. The Ge 3d peak has been
deconvoluted to reveal the contributions from the 3d5/2 and 3d3/2 levels in Ge0, as
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well as higher oxidation states of Ge. Prior to chemical treatment to remove the
native oxide there is an observed broadening of the Ge 3d core level peak
(FWHM 2.48 eV) due to the contribution from GeOx which results in additional
blue shifted Ge 3d peaks relative to bulk Ge0. After chemical treatment to remove
the native Ge oxides the Ge 3d core level peak is observed to narrow (FWHM
2.08) as the contribution from higher oxidation states of Ge is removed.
Similarly, there is a significant change in the O 1s core level spectrum (figure 4.3)
before and after chemical treatment to remove the native oxide. Whilst there is a
clear O 1s peak observed at ~532 eV in the sample prior to chemical treatment,
any signal due to O 1s is below the level of the background noise of the spectrum
after chemical treatment to remove the native oxide.

The HSQ pattern produced using the process outlined above, was subsequently
transferred to a p-Ge substrate using a Cl2 reactive ion etch (RIE). An example of
a sample where the pattern was transferred to the substrate is shown in figure 4.4.
Figure 4.4 shows a SEM micrograph of 15 nm wide Ge fins at a pitch of 120 nm.
Details of electron exposure doses for the HSQ mask used to produce these
structures are included in figure 4.5.
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Figure 4.2. Ge 3d core-level XPS spectra of <100> Ge wafer before (upper
spectrum) and after (lower spectrum) chemical treatment to remove the native
oxide.

The untreated wafer exhibits significant peak broadening and a blue

shifted shoulder consistent with the presence of a native Ge oxide at the surface of
the sample.
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Figure 4.3: O 1s core-level XPS spectra of Ge samples before and after treatment
to remove the native oxide and terminate the crystal with Cl.

Figure 4.4. 15 nm wide Ge fins at a pitch of 120 nm, etched to a depth of 20 nm.
Fin length is 4.5 µm and fins are integrated with Ge pads (shown left and right) in
device-ready architecture. Inset, a TEM micrograph displaying a cross-section of
one such 15 nm wide Ge fin.
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Figure 4.5. Areal dose map of pattern used to generate 15 nm HSQ lines, at a
pitch of 100 nm, integrated with contact pads (shown in blue). Relative areal
doses are colour coded as follows, blue 0.8, green 1.0, amber 1.1, red 1.2. Base
areal dose used for the exposure was 900 µC cm-2.

The fins have been etched into the Ge wafer to a depth of 20 nm. The inset of
figure 4.4 is a HRTEM micrograph of a cross-section of a 15 nm wide fin. The
fin shown in the HRTEM micrograph in figure 4.4 was purposely produced along
a <110> axis of the Ge crystal. The family of <110> axes are known to offer the
highest charge carrier mobility within p-type Ge (Fd3m crystal system), and are
thus preferable for device fabrication.18

Fabrication of arrays of high-resolution HSQ lines on a Ge wafer using the HSQ
EBL process outlined above was also observed to depend on the age of the HSQ
resist. HSQ has a shelf life of 6 months when stored in a sealed container at 5 °C.
The process for producing high resolution HSQ lines on Ge is reproducible and
repeatable up to ~ 1 month after the stated expiry date of the HSQ resist.
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However, after this time, effects like those shown in the inset of figure 4.1 were
observed, where exposed lines partially delaminate from the substrate during
development. This observation suggests that the hydrogen groups in the HSQ
resist play an important role in the adhesion of the HSQ resist to the Cl-terminated
Ge surface. As the HSQ resist ages, the cage-like oligomers within the resist
cross-link forming a network structure with the evolution of hydrogen gas. The
hydrogen sites in HSQ have been reported to be the sites involved in HSQ
network formation.19 Consequently, as the resist ages fewer H sites are available
to interact with the substrate to which the resist is applied.

Fourier transform infrared (FTIR) spectroscopy was used to investigate the
presence of any chemical interaction between the HSQ resist and a Cl-terminated
Ge substrate (figure 4.6), following electron beam exposure or thermal treatment.
Figure 4.6 shows an FTIR spectrum of a 25 nm HSQ film deposited on a 20 nm
Ge film prepared on a Si substrate by MBE (Ge-Si) prior to electron beam
exposure or thermal annealing. Preparation of the Ge-Si substrates has been
described elsewhere.20 The native Ge surface oxide was removed, and the Ge film
was terminated with Cl prior to HSQ deposition. The spectrum in figure 4.6 was
produced by subtracting the spectrum produced by a clean Ge-Si substrate from
that of a Ge-Si substrate coated with a 25 nm HSQ film. The HSQ film was
prepared on the Ge-Si substrate as detailed in Chapter 2 (Section 2.3.4.) for Ge
substrates. The spectrum shows the hallmark absorbance peaks associated with
HSQ. The Si-H stretch is observed at 2256 cm-1 which is characteristic of a Si-H
species whereby the Si atom is bound to three electronegative O atoms leading to
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a blue shift in the Si-H absorbance peak relative to a Si-H species present on a
hydride terminated Si wafer, for example. The asymmetric Si-O-Si stretching
modes for cage and network HSQ structures have absorbance peaks labelled
νas(Si-O-Si)cage and νas(Si-O-Si)net and are visible at 1122 cm-1, and 1065 cm-1
respectively, whilst Si-O bending modes are observed at 860 cm-1, and 827 cm-1
and are labelled d(H-Si-O) and d(O-Si-O) respectively. The bending modes d(HSi-O) and d(O-Si-O) can be attributed to the cage and network structures
respectively.21,22

d(H-Si-O)

Absorbance (a.u.)

0.03

0.02

d(O-Si-O)

as(Si-O-Si)cage

Si-H

as(Si-O-Si)net

0.01

0.00

2500

2000
1500
1000
-1
Wavenumber (cm )

Figure 4.6. FTIR spectrum of a 25 nm HSQ film deposited on a MBE grown Ge
thin film following subtraction of substrate absorbance spectrum.
The greater intensity of the νas(Si-O-Si)cage and d(H-Si-O) absorbance peaks in
figure 4.6 with respect to the νas(Si-O-Si)net and d(O-Si-O) peaks respectively, is
consistent with a high concentration of the cage species with respect to that of the
network species prior to electron beam exposure or high temperature thermal
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treatment. Figure 4.7 displays FTIR spectra of 25 nm HSQ films on Ge-Si and Si
substrates after annealing at 673 K for 1 h in a N2 atmosphere. The peaks
associated with the cage structure of HSQ seen in figure 4.6 are notably absent
from the spectra in figure 4.7, these include the Si-H stretch, νas(Si-O-Si)cage, and
d(H-Si-O) at 2256, 1122 and 860 cm-1 respectively. The dominant feature of the
spectra in figure 4.7 is the absorbance peak at 1060 cm-1, associated with
asymmetric stretching of the Si-O-Si moiety in a SiO2 glass. Another feature
present in the FTIR spectra of the HSQ films on Ge-Si and Si shown in figure 4.7,
is the peak denoted ‘*’ at 879 cm-1 associated with a Si-O bending mode in a Si
rich silicon oxide.22 The blue trace in figure 4.7 represents the difference between
the red and black traces, and the absorbance values in the blue trace have been
magnified for clarity. The blue trace shown in figure 4.7 shows a broad peak
centred at approximately 1000 cm-1, which can be partially attributed to the
presence of a Ge-O-Si moiety.23,24
Similar FTIR analyses were also performed on electron beam exposed HSQ films
on Si and Ge-Si substrates. A 2 mm × 1.5 mm area was exposed at a dose of 800
µC cm-2 on 25 nm HSQ films on both Si and Ge-Si substrates, requiring an
exposure time of 48 h each. Figure 4.8 shows FTIR spectra obtained from the
exposed and developed HSQ films on both Si and Ge-Si substrates.
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Figure 4.7. FTIR spectra of 25 nm HSQ films deposited on an MBE grown Ge
thin film (black trace), and a Si substrate (red trace) annealed in a N2 atmosphere
at 673 K. The peak labelled ‘*’ is associated with a Si-O bending mode in a Si
rich oxide. The blue trace represents the difference between the red and black
traces, and the broad absorption peak at ~1000 cm-1 can be attributed to a
combination of Si-O-Si and Ge-O-Si moieties.

Spectra are offset along the

absorbance axis for clarity.

The spectra shown in figure 4.8 very closely resemble those of the annealed HSQ
films, shown in figure 4.7. The most significant peaks in the spectra in figure 4.8
are the same as those highlighted in figure 4.7, those being the asymmetric Si-OSi stretch at 1060 cm-1, and the Si-O bend at 879 cm-1. When the difference
between the FTIR spectra obtained from the electron beam exposed samples was
considered (blue trace figure 4.8), only a very low intensity absorbance peak at
1030 cm-1 consistent with a Ge-O-Si vibrational mode24 was observed, however,
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Figure 4.8. FTIR spectra of electron beam exposed (800 µC cm-2) 25 nm HSQ
films on an MBE grown Ge thin film (black trace), and a Si substrate (red trace).
The blue trace represents the difference between the red and black traces. Spectra
are offset along the absorbance axis for clarity.

this peak is almost at the noise level of the spectrum. Electron beam exposure of a
larger area of HSQ film may facilitate detection of a more significant signal from
the HSQ interface with Ge, however, this would require electron beam exposure
times of a week or more for each of the Si and Ge-Si samples. Consequently, a
flood electron exposure technique should be the subject of further investigation in
future work on this materials system.
Electron beam exposure and thermal curing of HSQ films have been shown
previously to result in similar Si-H and Si-O bond redistribution effects, thus
thermal curing can be considered to produce comparable effects to electron beam
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exposure in HSQ films.3 Consequently, the Ge-O-Si moiety observed in HSQ
films deposited on Cl-terminated Ge after thermal curing suggests that HSQ
patterns produced on Cl-terminated Ge by EBL are covalently bound to the Ge
crystal, thus preventing lift-off of high-resolution HSQ patterns during HSQ
development.

4.3.2. Bi2Se3 Lithography
Figure 4.9 (a) shows a SEM image of a cubic array of 20 nm diameter Bi2Se3
disks at a pitch of 100 nm. Figure 4.9 (b) displays a SEM image of 30 nm wide
and 2 nm deep Bi2Se3 nanoribbons produced using the HSQ EBL process outlined
above. The HSQ etch mask remains on top of the Bi2Se3 structures in figures 4.9
(a-b). Figures 4.9 (c) and (d) show a comparison of HSQ lines exposed on an
untreated Bi2Se3 surface (figure 4.9 (c)) and a Bi2Se3 surface which has been
washed with a NaOH/TMAH solution to dissolve surface SeO 2 (figure 4.9 (d)).
Comparing figures 4.9 (c) and (d) it is again apparent that the presence of a
surface oxide, which is soluble in the HSQ developer, inhibits the production of
ordered arrays of high-resolution HSQ structures using a HSQ EBL process.
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Figure 4.9. (a) Cubic array of 20 nm diameter, 2 nm high Bi2Se3 disks at 100 nm
pitch. (b) 30 nm wide Bi2Se3 nanoribbons at a pitch of 140 nm. (c) 20 nm wide
HSQ lines exposed at a pitch of 70 nm on an untreated Bi2Se3 surface. (d) 20 nm
wide HSQ lines exposed at a pitch of 100 nm on a Bi2Se3 surface washed with a
NaOH/TMAH solution prior to HSQ deposition to remove surface SeO 2.

Figure 4.10 displays a selection of cross-sectional TEM micrographs of Bi2Se3
nanoribbons produced from an 8 nm Bi2Se3 film grown by MBE. The Bi2Se3 film
was patterned using the HSQ EBL process outlined above and the pattern was
transferred to the film using an Ar ion beam etch. Figure 4.10 (a) displays 30 nm
wide nanoribbons at a pitch of 60 nm produced from an 8 nm thick Bi2Se3 film.
Figure 4.10 (b) shows a HRTEM micrograph of the crystal lattice of a single
Bi2Se3 nanoribbon. The HRTEM micrograph clearly shows the layered crystal
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structure of rhombohedral Bi2Se3 with the c-axis of the crystal oriented
orthogonally to the Si <111> substrate.

The repeating units in the layered

structure of Bi2Se3 are known as quintuple layers (QL) and are stacked along the
c-axis. Each QL is so-called as it consists of five layers of atoms in the sequence
Se-Bi-Se-Bi-Se. Within each QL, strong covalent and ionic bonding dominates,
however, only weak Van der Waals-type bonding exists between the two Se layers
at the QL-QL interface.25 The observed QLs in figure 4.10 (b) are ~1 nm thick as
described in previous reports. Figure 4.10 (c) shows a HRTEM micrograph of a
cross-section of an 18 nm wide, 7 nm thick, Bi2 Se3 nanoribbon. An amorphous
layer of material is observed at the interface between the nanoribbon (dark region)
and the Si substrate (lower left) in figure 4.10 (c) which can be attributed to the
formation of a layer of amorphous SiO2 which is formed following MBE Bi2Se3
thin film growth. Amorphous SiO2 formation can be attributed to the diffusion of
oxygen through the Bi2Se3 thin film when the Bi2Se3 film is exposed to an
ambient atmosphere.26
XPS analysis of a Bi2Se3 thin film sample before and after treatment with the
TMAH/NaOH/NaCl solution revealed a change in the composition of the surface
of the sample. A Bi2Se3 thin film sample which had been exposed to ambient
atmosphere for 6 months was analyzed by XPS as shown in the upper spectra in
figure 4.11. Deconvolution of the Bi 4f core level peaks (upper spectrum figure
4.11 (b)) revealed the presence of the 4f7/2 and 4f5/2 peaks from Bi2Se3 at 157.4 eV
and 162.8 eV respectively (peak area ratio of 1.32 measured for 4f7/2/4f5/2).

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

148

Chapter 4: Resist-Substrate Interface Tailoring for Generating High Density Arrays of Ge and Bi2Se3 Nanowires by Electron Beam Lithography

Figure 4.10.

(a) Cross-sectional TEM micrograph of 30 nm wide, 8 nm high,

Bi2Se3 nanoribbons at a pitch of 60 nm. HSQ mask remains atop the Bi2Se3
nanoribbons. (b) HRTEM micrograph of a cross-section of a Bi2Se3 nanoribbon.
The image was recorded along the <1-10> zone axis of the crystal, showing the
stacks of quintuple layers (QL) in the c-axis of the crystal as shown. (c) HRTEM
micrograph of a cross-section through a 6 nm thick Bi2Se3 nanoribbon and the
underlying Si <111> substrate.

Furthermore, the deconvolution reveals Bi 4f7/2 and 4f5/2 peaks blue shifted by 1.3
eV relative to the Bi 4f core level peaks attributed to Bi2Se3. These blue shifted
peaks can be attributed to Bi interacting with a more electronegative species than
Se, i.e. forming Bi2O3. The blue shift of 1.3 eV for Bi2O3 is consistent with recent
observations reported for Bi2Se3 nanowires with a similar native oxide.16
Comparison of the 4f core level peak areas for Bi2Se3 and Bi2O3 suggests a

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

149

Chapter 4: Resist-Substrate Interface Tailoring for Generating High Density Arrays of Ge and Bi2Se3 Nanowires by Electron Beam Lithography

Bi2Se3/Bi2O3 ratio of 3/1. Thus, a Se/O ratio of 3/1 at the surface of the Bi2Se3
film can be inferred from the XPS spectra. Figure 4.11 also shows XPS spectra of
the Se component of the native oxide. The spectra in figure 4.11 (a) display Se 3d
core level peaks attributable to Se2-in Bi2Se3 at a binding energy of 52.8 eV.
Deconvolution of the peak at 52.8 eV reveals contributions from the Se 3d5/2 and
3d3/2 levels at binding energies of 52.4 eV and 53.2 eV respectively suggesting a
crystal field splitting energy of 0.8 eV. The sample analysed prior to washing
with the TMAH/NaOH/NaCl solution, also revealed a lower intensity Se 3d core
level peak at a binding energy of 58.3 eV. The blue shift of the peak attributed to
SeO2 relative to that attributed to Bi2Se3 is a consequence of the large difference in
oxidation of Se in the two species in question, Se4+ in SeO2, and Se2- in Bi2Se3.

Figure 4.11.

XPS core-level spectra of Bi2Se3 thin films before and after

TMAH/NaOH/NaCl washing to remove SeO2 (a) Se 3d core level XPS spectra
showing a Se 3d peak attributable to Bi2Se3 at ~52.8 eV and a lower intensity
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peak attributable to SeO2 at ~58.3 eV prior to washing. Red trace represents sum
of the Se 3d3/2 (green trace) and 3d5/2(blue trace)

peaks obtained through

deconvolution of the raw data. (b) Bi 4f core level XPS spectra showing peaks
attributable to the Bi 4f5/2 and 4f7/2 core levels at approximately 158 eV and 163
eV respectively. Red trace represents sum of Bi 4f5/2 and 4f7/2 peaks from Bi2Se3
(blue trace) and Bi 4f5/2 and 4f7/2 peaks from Bi2O3 (green trace).

4.4. Conclusions
To conclude, successful chemical routes to remove the native oxides of both Ge
and Bi2Se3 prior to the application of HSQ EBL resist have been demonstrated.
The chemical processing of Ge and Bi2Se3 described herein is imperative to
produce ordered arrays of high-resolution nanostructures in both of these
materials using a HSQ EBL process. Consequently, where a material possesses a
native oxide which is soluble in HSQ developers, the limiting factors to achieving
high resolution HSQ nanostructures on the surface of such a material, is the
availability of a viable route to remove the native oxide and the adhesion of HSQ
to the oxide-free surface of the underlying material.
Furthermore, a route to the production of covalently bound SiO x films on Ge has
been demonstrated by thermal curing of HSQ films deposited on Cl-terminated
Ge crystals. This route may find applications in the fabrication of Ge-on-insulator
(GeOI) substrates as well as in the production of low-k dielectric films on Ge
materials.
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5.1. Abstract
Arrays of Si nanowires have been fabricated in FET device architectures using
high resolution electron beam lithography (EBL) with the negative-tone,
inorganic, electron beam resist, hydrogen silsesquioxane (HSQ). Additionally,
this chapter describes a process for the directed self-assembly of a cylinderforming poly(styrene-b-dimethylsiloxane) (PS-PDMS) diblock copolymer within
EBL defined HSQ templates. PDMS and HSQ are hard inorganic etch mask
materials and thus offer high contrast when etching traditional CMOS materials
such as Si and Ge. Consequently, the process outlined in this work is particularly
applicable to nanolithography for continued device scaling towards the end-ofroadmap era.

5.2. Introduction
The drive for continued scaling of semiconductor devices over the last number of
decades has put significant pressure on the key enabling technologies within the
very large scale integrated circuit (VLSI) manufacturing industry, and particularly
on the optical lithography techniques used to define semiconductor devices and
integrated circuits (ICs).1–3 The use of optical lithography has been extended far
beyond the limits of the radiation wavelength through the use of several resolution
enhancement techniques (RETs).4

However, as continued scaling becomes

significantly more difficult, alternatives to optical lithography are gaining in
promise as potential routes to facilitate further scaling. Two such alternatives to
optical lithography are, electron beam lithography (EBL), and directed self-
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assembly (DSA) of diblock copolymers. This chapter describes the use of two
promising examples of EBL and DSA processes for nanolithography applications,
with a view to fabricating high-density arrays of Si nanowires with critical
dimensions (CDs) less than 20 nm.

This chapter details the use of hydrogen silsesquioxane (HSQ) as a highresolution EBL resist for Si nanowire fabrication and also on the use of HSQ
gratings, prepared by EBL, as templates for the DSA of a cylinder-forming PS-bPDMS diblock copolymer.

HSQ is the highest resolution, commercially

available, negative-tone EBL resist5, and as such is suited to the fabrication of
nanoscale structures with sub-20 nm CDs.6 DSA of block copolymers (BCPs)
using templates fabricated by traditional lithographic methods is the subject of
significant research investment in the field of advanced lithography. 7,8 PS-bPDMS is a BCP of particular interest in the field of DSA due to its relatively high
Flory-Huggins interaction parameter (χ ~0.26 at STP) which may facilitate
reduced line edge roughness (LER) in PS-b-PDMS derived structures.9

The

Flory-Huggins interaction parameter is essentially a measure of the degree of
immiscibility of the blocks in a BCP.

Consequently, the thickness of the

intermaterial dividing surface (IMDS) at the interface between the two blocks in a
BCP can be reduced by increasing the χ value of the BCP. A reduction in the
IMDS inherently results in a reduction of the edge roughness of the polymer
microphases.10,11 In addition to a large χ value, PDMS offers improved etch
resistance relative to analogous organic polymers when etched in conventional Si
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or Ge etching processes.9 DSA of PS-b-PDMS to produce substrate coplanar
PDMS gratings has not yet been demonstrated using an EBL defined HSQ
template. However, vertical PDMS pillar arrays have been produced via the DSA
of PS-b-PDMS within an EBL defined HSQ pillar array template. 12 Furthermore,
DSA of PS-b-PDMS to produce substrate coplanar PDMS gratings has been
demonstrated within Si trenches patterned by interference lithography9,13,
however, this method is not suited to lithography on substrates such as silicon-oninsulator (SOI), where Si trench formation would result in undesirable
consumption of the Si device layer.

5.3. Fabrication of Si Nanowire Arrays
Arrays of 11 nm wide HSQ lines were produced on SOI substrates using the HSQ
EBL process outlined in Chapter 2.

Figure 5.1. SEM image of 11 nm wide HSQ lines fabricated at a pitch of 85 nm
on an SOI substrate. Lines were exposed at an areal dose of 1320 µC cm-2.
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The line edge roughness (LER) of the structures was extrapolated from SEM
images, using Image J image processing software as detailed in Chapter 2, and
was determined to be an average of 2.8 nm (3σ) for the 20 HSQ lines measured.
An example of 11 nm wide HSQ lines, fabricated at a pitch of 85 nm, is shown in
the SEM image in figure 5.1.
Figure 5.2 shows cross-sectional TEM images of Si nanowires produced using the
HSQ EBL process. The nanowires had mean dimensions of 11 nm width and 12
nm thickness, and were produced at a pitch of 120 nm. The axes of the nanowires
was designed to lie along the <100> crystal axis, as shown by the selected area
electron diffraction (SAED) pattern in figure 5.2(c). The Cl2 RIE, used to transfer
the HSQ etch mask pattern to the SOI substrate, resulted in a pseudo-orthogonal
etch profile as shown in figure 5.2(b). Consequently, all four exposed crystal
faces of the nanowire were <100> oriented. The <100> crystal axis has been
shown to exhibit the highest electron mobility for n-doped Si nanowires with high
donor dopant concentrations14, consequently <100> oriented n-Si nanowires are
desirable for nanowire field effect transistor (FET) devices.

Large pads were also incorporated in the EBL mask design to facilitate future
electrical contact to the nanowires as shown in the optical microscope image in
figure 5.3. The presence of the Si pads allowed a larger contact area to the Si
device layer on the SOI substrate, and thus lower electrical resistance in any
resultant device.
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Figure 5.2 (a) TEM image of a cross-section through arrays of 11 nm wide Si
nanowires at a pitch of 120 nm. (b) HRTEM image of a cross-section through a
single nanowire highlighting the pseudo-orthogonal etch profile.

(c) SAED

pattern retrieved along the long axis of a Si nanowire confirming the <100>
orientation.

The nanowire and pad pattern were transferred to the substrate using a Cl2 RIE as
detailed in Chapter 2, and the remaining HSQ mask was removed using 1 wt. %
HF as detailed previously (Chapter 2, Section 2.3.6.). A uniform 10 nm thick film
of Al2O3 was then deposited by atomic layer deposition (ALD) to act as a gate
dielectric layer in field effect transistor (FET) devices prepared from the
fabricated nanowire structures. Finally an Al gate was defined by EBL using a
PMMA/MMA bilayer resist process (Chapter 2, Section 2.3.2.), via electron beam
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induced Al evaporation and lift-off of the positive-tone PMMA resist. Figure 5.3
shows an optical microscope image of a single 10 nm wide Si nanowire bridging
two Si pads. Figure 5.3 also shows a 40 nm wide Al gate perpendicular to the
nanowire, thus producing a tri-gate type structure which has been shown to
demonstrate superior control over charge carriers in the device channel and thus
improved switching characteristics in devices implementing this type of gate
structure.15,16

Figure 5.3. Optical microscope image of two Si pads connected by a single 10
nm diameter, 8 µm long, Si nanowire. The pad and nanowire have been coated in
a 10 nm layer of Al2 O3 by ALD, and a 40 nm wide Al gate has been deposited
orthogonal to the Si nanowire.
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5.4. Directed Self-Assembly of PS-b-PDMS
HSQ gratings prepared by EBL were also used as templates to direct the selfassembly of PS-b-PDMS diblock copolymer films.

Figure 5.4 illustrates a

schematic representation of the molecular structure of the PS-b-PDMS diblock
copolymer and the morphology of the diblock copolymer film after microphase
separation.13

Figure 5.4. (a) A schematic representation of the structure of a PS-b-PDMS
diblock copolymer molecule.

The grey dot in the illustration represents the

covalent bond between the PS and PDMS blocks. (b) Schematic portrayal of a
PS-b-PDMS film following microphase separation by solvent annealing.

Figure 5.5 shows an SEM image of a PDMS ‘fingerprint’ pattern typically
produced in the absence of a directing template. The SEM image in figure 5.5
was recorded following a sequential CF4 and O2 RIE to remove the upper PDMS
layer and underlying PS layer respectively. Details of the RIE process steps are
presented in section 2.3.7.
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Figure 5.5. SEM image of a PDMS ‘fingerprint’ pattern produced by the selfassembly of PS-b-PDMS on a Si substrate using the solvent annealing process
outlined in Chapter 2.

A range of different HSQ line patterns were prepared by EBL for DSA
experiments. HSQ line arrays (10 × 10 µm) were exposed with a line-width of
15-20 nm, at pitches of 65, 100, 135, 205, 275, 345 and 415 nm which required
exposure doses of 1100, 1400, 1700, 2000, 2400, 2700 and 3000 µC cm-2
respectively. The HSQ line pitch was increased in multiples of the expected 35
nm PDMS periodicity.17 Two approaches were used to prepare aligned BCP films
by DSA. In the first approach, a hydroxyl-terminated PDMS brush layer was
chemically grafted to the patterned Si substrate as detailed in Chapter 2 (Section
2.3.7.). The PDMS brush layer binds to the hydroxyl terminated substrate via a
condensation reaction.18 The PDMS component of the BCP then preferentially
wets the PDMS brush layer when the BCP is deposited on the substrate, as shown
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schematically in figure 5.4 (b).

However, as the PDMS brush is deposited

globally, i.e. on both the trench floor and HSQ sidewalls of the patterned
substrate, it was observed that the PDMS component of the BCP preferentially
adhered to the HSQ sidewalls, as shown in figure 5.6. PDMS is chemically very
similar to HSQ given that they both consist of an inorganic (SiO)n core. This
chemical similarity between HSQ and PDMS makes selective etching of one with
respect to the other very difficult, and as such HSQ lines cannot be selectively
removed to allow production of a uniform grating after PS etching. Figure 5.6
shows an SEM image of the result of PS-b-PDMS alignment within PDMS brushcoated HSQ gratings, following a CF4 RIE to remove the top PDMS layer and an
O2 RIE to remove PS lines. The result shows a repeating 60 nm wide PDMSHSQ-PDMS line structure interspersed within the array of 20 nm wide PDMS
lines. The average measured PDMS line period, width and edge roughness were
38.5 19.6, and 4.3 nm respectively.

A uniform linewidth is preferred for advanced lithography applications and as
such, another approach had to be considered to prevent PDMS adhesion to the
HSQ sidewalls. One possible approach would be to deposit the PDMS brush
layer prior to HSQ deposition and EBL, however, the increased hydrophobicity of
the PDMS-coated substrate impedes HSQ deposition which requires a more
hydrophilic surface.

As an alternative to the use of a PDMS brush,

hexamethyldisilazane (HMDS) was applied to a patterned substrate as described
in Chapter 2. The additional surface methyl groups produced at a HMDS treated
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surface, relative to a PDMS treated surface, were expected to improve wetting of
the organic PS component of the BCP. Figure 5.7 displays an SEM image of BCP
alignment within HMDS coated HSQ gratings, following CF4 and O2 RIE
processes. The SEM image clearly shows that PDMS no longer preferentially
wets the sidewalls of the HSQ lines and as such facilitates the fabrication of a
uniform mask grating.

Figure 5.6. SEM image of aligned PDMS lines within a grating of 22 nm wide
HSQ lines at a pitch of 205 nm on a PDMS brush coated surface.
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Figure 5.7. SEM image of aligned PDMS lines within a grating of 22 nm wide
HSQ lines at a pitch of 205 nm on a HMDS treated surface.

The average PDMS line period, width and edge roughness were measured at 39.4,
19.3, and 5.0 nm respectively for this process. Figure 5.8 displays a TEM image
of a cross-section through the line grating shown in figure 5.7. The TEM image
clearly shows the uniform 5 nm thick PDMS layer on the trench floor. The TEM
image also shows the profile of the HSQ and PDMS line grating. The PS/PDMS
lines are 10 nm high and approximately 17 nm wide at the base. The HSQ line is
22 nm high, which is significantly less than the initial thickness of 50 nm
expected after EBL. However, HSQ is known to etch at a rate of over 20 nm min 1

in a similar CF4 RIE to that used in this work.19 Consequently, significant

consumption of the HSQ template can be expected during the CF4 RIE procedure.
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Figure 5.8. TEM image of a cross-section through aligned PDMS lines within a
grating of 22 nm wide HSQ lines at a pitch of 205 nm on a HMDS treated surface.

A pitch of 205 nm was observed to produce the best alignment of BCP for both
HMDS and PDMS-treated substrates, due to the observed PDMS line period of
~39 nm seen in figures 5.6 and 5.7. The PS-b-PDMS film produced consists of 19
nm diameter PDMS cylinders separated by 20 nm PS lines, in contrast to the 35
nm periodicity that had been expected. Taking the actual PS-b-PDMS periodicity
of 39 nm into account, a HSQ template of 15 nm lines at pitches of 73, 112, 151,
190, 268, 346 and 424 nm would now be expected to support DSA and agrees
with the observed DSA within the template having a pitch of 205 nm. The HSQ
lines are 22 nm wide in figures 5.6-5.8 and not the 15 nm designed, resulting in an
effective HSQ pitch of 198 nm. When the additional thickness of the PDMS or
HMDS brush layers are further taken into account the effective HSQ line pitch is
almost the desired 190 nm. Figure 5.9 shows an SEM image of PDMS lines
within a template of 15 nm HSQ lines at a pitch of 190 nm. The sample has been
partially etched as shown in figures 5.6 and 5.7, however, some of the overlying
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PDMS layer still remains. Despite the incomplete PDMS etch, alignment of
PDMS can be seen over the ~5 µm2 area.

Figure 5.9. SEM image of a ~5 µm2 area of aligned PDMS lines, within a
template of 15 nm HSQ lines, at a pitch of 190 nm.

5.5. Conclusions
High resolution EBL using a HSQ EBL resist has been used to produce 10 nm
diameter Si nanowires in FET device architectures.

The EBL process

demonstrated, is suited to the formation of fully depleted SOI, high-k, metal gate
devices, with tri-gate architectures as demonstrated by the Si nanowire crosssection profile shown in this work. The high resolution EBL process shown here
has also been used to guide the microphase separation of PS-b-PDMS by a
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process of DSA. A process has been developed to improve wetting of PS to the
HSQ template with respect to PDMS, thus allowing the fabrication of uniform 20
nm lines at a pitch of ~40 nm. The degree of BCP alignment within the HSQ
templates was observed to depend significantly on the trench width of the
template.

The demonstrated importance of template dimensions and surface

treatment suggests that both graphoepitaxy and chemical epitaxy mechanisms of
DSA are at play in the present work.
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6.1. Conclusions
Semiconductor nanowires have been the subject of extensive research
investigation in the past number of decades for microelectronic applications and
hybrids thereof. Chapter 1 of this thesis has summarised many of the routes
toward semiconductor nanowire fabrication, and their integration in device
architectures, with a primary focus on their application in the area of very large
scale integrated circuits (VLSI).

Chapter 2 outlined the experimental processes used in the synthesis and
fabrication of nanowires detailed in chapters 3-5.

Chapter 2 also briefly

introduced the analytical techniques used to probe the structure of the nanowires
and nanopatterned surfaces produced in this body of research work.

Chapter 3 described a novel route toward the fabrication of Ge nanowires in the
absence of a foreign seed metal catalyst. The work demonstrated control over the
nanowire diameter through careful control of the synthesis temperature in the
solvothermal nanowire synthesis process. Ge nanowires with diameters smaller
than 10 nm have been prepared, which are of great interest for both fundamental
quantum confinement studies as well as for potential applications in
microelectronic devices. However, as with many bottom-up nanowire fabrication
methods, the nanowires produced, exist as entangled meshes, thus inhibiting their
integration into a VLSI manufacturing platform.
produced were encapsulated

Furthermore, the nanowires

in an amorphous material composed of
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decomposition by-product from the nanowire precursor compound. Whilst this
amorphous material may act to passivate the nanowire surface, it may also impair
electrical contact to the Ge nanowires and as such, a route to selectively remove
this material is desirable.

Additionally, identification of a suitable template,

which is compatible with the solvothermal process used to produce these
nanowires, may allow production of these nanowires in aligned arrays which are
preferred for device fabrication.

The importance of surface chemistry in the fabrication of nanowire arrays by a
top-down electron beam lithography (EBL) process was highlighted in Chapter 4.
Therein, issues associated with the complex surface oxides of Ge and Bi2Se3 were
discussed with respect to their effect on a high resolution EBL process using a
hydrogen silsesquioxane (HSQ) EBL resist. Careful treatment of the surfaces of
Ge and Bi2Se3 to remove oxide material which is soluble in HSQ developers,
allowed the fabrication of array of features with critical dimensions less than 20
nm.

Spectroscopic analysis of the surfaces of these materials confirmed the

relationship between specific oxides at their surfaces and observations during
inspection of the HSQ EBL process. Ultimately a greater understanding of the
effect of specific surface oxides on EBL using HSQ has been developed, which
may facilitate high resolution lithography with a HSQ resist on other industrially
important materials. These materials may include arsenides such as GaAs, InAs
and In1-xGaxAs, and germanides or selenides such as GeSbTe and Bi2(Te0.8Se0.2)3
due to the high solubility of As2O3, GeO2 and SeO2, respectively, in aqueous
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bases, such as NaOH, and TMAH based HSQ developers.1–3 The observations
made in Chapter 4 are not specific to the use of HSQ as an EBL resist and so may
also be important to the future use of HSQ in EUV lithography or ion beam
lithography.4,5 Application of the results reported in Chapter 5 to FET device
fabrication should be the subject of future investigation. Such an investigation
would rely on the availability of Ge or a similar high charge carrier mobility
material on an insulating substrate such as Ge-on-insulator (GeOI).

In Chapter 5 a HSQ EBL process is detailed for the fabrication of Si nanowire
arrays with sub-20 nm diameters and for the directed self-assembly (DSA) of a
PS-b-PDMS diblock copolymer. Both DSA and EBL have received significant
consideration as techniques to extend semiconductor device scaling. Whilst direct
inclusion of EBL in VLSI manufacturing has been hindered by low wafer
throughput, a hybrid process of EBL and DSA of BCPs may find favour. DSA of
BCPs allows pattern multiplication and thus reduces the resist area to be exposed
during the EBL step and so increases throughput. However, DSA is not yet a
mature technology. The DSA process outlined in Chapter 5 has demonstrated
successful alignment of PDMS domains over an area of a few square micrometres,
however, more extensive patterns will be required for DSA to be implemented on
an industrial scale. Additionally, DSA will have to be demonstrated on different
materials, such as Cu for definition of interconnects in VLSI manufacturing, for
example.

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

173

Chapter 6:Conclusions

Continued scaling of semiconductor devices alone will not allow perpetual
advancement in computing power, speed and efficiency of VLSIs. Although
device scaling is expected to continue for a decade or more, new materials and
architectures are expected to dominate future VLSI developments.6 Throughout
this thesis, fabrication routes facilitating continued device scaling have been
emphasised. However, candidate materials for future devices have also been
stressed. For example, Ge exhibits significantly higher charge carrier mobility
than Si. In this thesis, bottom-up and top-down routes to Ge nanowire structures
with CDs below 20 nm have been developed. However, even with the improved
carrier mobility of Ge with respect to Si, current strained Si devices are expected
to outperform equivalent unstrained Ge analogues.7 Consequently, future areas of
semiconductor nanowire research may be directed toward strain engineering of
materials with inherently high charge carrier mobility. Doping Ge with Sn is one
possible route to achieve a strained Ge material with improved electrical
performance.8,9 Another route, is the fabrication of a quantum well structure with
a lattice mismatched material such as layered InxGa1-xAs.10 In the short-term,
strain engineering looks likely to play a pivotal role in semiconductor device
research and consequently should be the subject of continued consideration in
future nanowire research.

Future logic devices such as those found in VLSI technology may not rely on
charge alone to function. Devices based on spin transport have been the subject of
significant research investment in recent years.

Spin transport has been

Semiconductor Nanowire Fabrication via Bottom-Up and Top-Down Paradigms

174

Chapter 6:Conclusions

demonstrated in both conventional semiconductor nanowires and those doped
with magnetic elements.11–13 Spin-based devices may offer a route to low power
logic circuits desirable in future VLSI technology. Topological insulators such as
Bi2Se3 and Bi2Te3 are also of significant interest for quantum computing
applications, whereby information can be transferred as quantum bits built from
topological surface states.14,15 Nanowires of these materials are then desirable to
create high density arrays of quantum computing structures.

The data reported in this thesis has outlined routes to overcome significant hurdles
to the future integration of semiconductor nanowires in VLSI technology. The
results herein will support future investigations in semiconductor nanowire
fabrication, which is a field of great importance to a vast number of applications.
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