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Summary

This thesis deals with the formation of morphological patterns on single-crystal semi-
conductor surfaces via self-assembly processes, followed by the subsequent fabrication
of magnetic nanostructures whose dimensions are defined by the underlying template.
Stepped surfaces on Si (111) were achieved by high temperature DC annealing of vici-
nal Si templates which causes the atomic steps to form step-bunches and/or facets. In
particular, for templates annealed with the current directed in the ascending step di-
rection it was shown that the cooling rate from the annealing temperature can be used
as a precise control of step periodicity. A shallow angle deposition technique was used
to create ordered rows of magnetic nanowires on the step-bunched Si templates, whose
dimensions are determined by the size of the underlying steps as well as the duration
and angle of deposition. It is shown that wire width can be well defined down to as low
as 30 nm and that the technique is applicable to a range of magnetic materials. Ordered
arrays of nanodots can also be grown via shallow angle deposition onto faceted vicinal
alumina templates, and it is shown that the substrate temperature during deposition

influences the ellipticity and separation of the nanodots produced.

Magnetic measurements reveal that the nanowires have in-plane magnetic shape anisotropy,
while measurements of coercivity as a function of temperature allow the investigation
of parameters relating to the energy barriers of magnetisation reversal. Henkel analysis
was used to probe the extent of interwire interactions, and it was shown that reducing
interwire separation led to dipolar coupling, as had been shown in previous studies of
vertical wire arrays. The samples were also investigated using FMR, with measurements
being taken as the sample was rotated about each of its principal axes. The results of
this study indicated that the use of MgO as a capping layer leads to the formation of
an oxide layer which may reduce the effective thickness of the nanowires, and over time
gives rise to an additional unidirectional exchange anisotropy. Some preliminary results
obtained through the analysis of first order reversal curves (FORCs) are also presented.
This method of analysis has the potential to identify the influence of one-dimensional
structures as well as superparamagnetic nanoparticles on the magnetisation of the sys-
tem as a whole, and it is likely to be a very useful tool for future investigations into the

properties of such magnetic nanostructure arrays.

Random arrays of vertical GaAs nanowires are commonly grown via the VLS (vapour-
liquid-solid) mechanism. The wires grown using this technique have an inherent distri-
bution in dimensions due to the non-uniformity of diameter and separation of the seed
particles. This creates a large uncertainty in any statistical analysis that seeks to relate

the shape and size of the wires with the growth process. In this study, arrays of seed



particles (gold nanodots) are defined using EBL, resulting in far greater wire uniformity
and thereby facilitating comparisons between different growth conditions. For example,
the effects of shadowing as a function of separation between neighbours in the array
can be quantitatively measured, and a simple model is presented which closely matches
the experimental data. The study of GaAs nanowire growth from pre-patterned seed
particles is also important from an applications point of view, since most proposed ap-
plications require the precise placement of nanowires rather than arbitrary locations.
Growth in As-limited conditions was investigated, a regime which is usually ignored
in studies of nanowire growth that uses catalyst particles. Many features of previous
studies were replicated, but at a significantly lower growth temperature allowed through
the use of Au catalyst particles. Growth under Asy; flux was compared to Ass. There
were prominent differences in shape, volume and facets making up the wire sidewalls.
These findings were related to the different reactivities and diffusion properties of the

two molecules on the nanowire sidewalls.

The control of shadowing allowed substantial radial growth to occur uniformly along
the wire sidewalls. This effect resulted in wires which were much wider than the seed
particles (for example wires with diameter of ~ 300 nm width having droplet diameters
of only 20nm was common). In all instances, the radial growth occurred epitaxially,
with no defect planes in the axial direction seen in any sample. Some samples had a
certain density of wurtzite to zincblende defects or zincblende twinning planes. These
defects traversed the wire width in each case. Moreover, the appearance of these defects
was closely associated with instances where the contact angle between the nanowire
sidewalls and the alloy droplet atop the wire was significantly greater or less than 90 °.
This phenomenon is described in detail in relation to the crystal structure at the growth

interface.

Finally, in a similar manner to the deposition of Fe onto the step-bunched Si templates,
Fe was also deposited onto the sidewalls of the GaAs nanowire arrays, resulting in core-
shell GaAs-Fe structures, with an additional coating of Au for protective capping. The
degree to which this aim was successful was investigated using STEM. It was found that
the procedure was moderately successful, with some areas uniformly coated in Au while
in other areas the Au seemed to form droplets on the wire sidewalls. A sample having
an array of GaAs nanowires which had an angle of approximately 35° to the substrate
normal and were coated with Fe-Au was investigated using FMR. It was found that the
behaviour of magnitude of the resonance field as a function of the angle of the applied
field with respect to the sample corresponded accurately to the wire axis, indicating
that the Fe-coated nanowires have an easy axis of magnetisation parallel to their length,

which is likely due to the shape anisotropy of the cylindrical Fe structure.
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Chapter 1

Introduction and Motivation

This thesis deals with ordered arrays of magnetic nanowires and nanoparticles that have
been deposited onto specially prepared crystalline substrates, namely the semiconductors
Si and GaAs as well as the insulator Al,O3. The nanowires/nanoparticles take their
shape from the texture of the substrate. As such, the two central themes of this thesis
are the manipulation of semiconductor surfaces to produce ordered morphologies, and

the subsequent fabrication and analysis of magnetic nanostructures.

1.1 Manipulation of Semiconductor Surfaces

The control and preparation of highly uniform single crystal structures such as Si has
been a key enabler of many of the advancements that underpin the technological rev-
olution of the past 50 years. While the first solid-state transistors were made using
germanium, today Si is the most commonly used material for the integrated circuits
which today are found in almost all electronic equipment, such as computers, radios,
calculators and many more besides. Si also has important applications in the solar cell
industry and a wide variety of sensing apparatus. Silicon’s popularity is also related
to its abundance, being the second most common element making up the earth’s crust
(after oxygen) [1]. GaAs, while not as ubiquitous as Si, has important niche applica-
tions where it out-performs Si. For example, its higher electron mobility makes it a
suitable candidate for the manufacture of high-frequency transistors in communications

electronics.

Central to the realisation of proposed devices, and the improvement of existing ones,
has been our growing awareness and ability to manipulate behaviour at the atomic level.

For this reason, a huge volume of research continues to be conducted to enhance our
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fundamental understanding of these materials. In this work, separate investigations are
carried out into particular nanoscale growth processes of Si and GaAs, which are utilised
here for the subsequent fabrication of magnetic nanostructures, but are interesting in
their own right as they further our understanding of the properties of these two important
materials. With regard to Si, an investigation into the migration of surface atoms leading
to the bunching of atomic steps is carried out as described in the first half of chapter
3. The desire to investigate and control the behaviour of atomic steps on single crystal
structures is a natural outcome of the inevitability of their appearance, since, in spite of
the enormous advances in crystal preparation, for device-sized pieces of Si (> pm) it is
practically impossible to produce atomically flat surfaces. The long-term goals of such
experiments are to learn about how these surface defects can be managed in such a way
as to prevent them from influencing the proper functioning of devices, or perhaps even to
open up new possibilities for functions based on the controlled use of such defects. The
formation of nanowires and nanoparticles on step-bunched substrates which is described

in the second half of chapter 3 can be considered a very primitive example of the latter.

With regard to GaAs, an investigation is carried out into a very interesting growth
process known as the Vapour-Liquid-Solid (VLS) mechanism. The full details are given
in chapter 5. Studies of this sort provide important contributions to our fundamental
understanding of the properties of the material itself, such as surface energies, growth
modes, stability of facets and diffusion lengths of adatoms on those facets. Moreover, the
nanowires grown using this mechanism may have direct application uses. Due to their
sharpness and high aspect ratio the use of crystalline nanopillars has been proposed
for Atomic Force Microscopy (AFM) tips. Examples of commercialisation initiatives
include the Trinity College startup company Adama Innovations. The advantages of a
nanowire or nanopillar in this application is that the high aspect ratio of the tip will
allow the imaging of surfaces with deep indentations such as pore arrays and right-angled
trenches. Conventional cone or pyramid shaped tips would not be able to reach to the
bottom of such features and would underestimate the slope of very steep steps. An
additional benefit is that, provided the radius of the nanowire/pillar is uniform, wearing
of the tip due to use should not affect its resolution. Another proposed application is
in the area of solar cells, where the use of core-shell nanowires promise greater surface
area than flat designs, as well as incorporation into a transparent, flexible polymer
[2, 3]. Other applications for these structures include a wide range of optoelectronic
and nanoelectronic applications [4-6], including field emission displays (FED) [7]. A
diagram of a potential FED device including a vertical nanowire array is shown in figure
1.1. The design is based on an amalgamation of features commonly seen in proposed
devices [8-10].
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FI1GURE 1.1: Typical FED design incorporating nanowire array

Possible FED (Field Emission Display) device based on an ordered array of nanowires. This
design consists of an amalgamation of features typically seen in proposed FED devices [8-10].

The challenges associated with the implementation of these applications include our
understanding and control of the growth process. Specifically, we would like to be
able to minimise defects in the crystal structure, and specify the overall shape of the
nanowire. Many proposed applications also require precise placement of the nanowires,
rather than simply a disordered array. The experiments in chapter 5 regularly refer to

these obstacles.

1.2 Magnetic Nanostructures

The study and understanding of magnetic nanostructures is crucial for a number of
applications and their continued development, in particular for the manufacture of mag-
netic data storage devices. Despite a recent slump in the hard disk drive (HDD) market
due to the popularity of smartphones and tablet computers (which use flash memory),
over 550 million hard disk drive (HDD) units are expected to be sold in 2013, with global
sales of of approximately $33 billion [11]. The growing trend of online or ‘cloud’ storage

is expected to strengthen HDD sales in the coming years.

The rate of improvement in HDD memory density, cost and weight has been extraor-
dinary. While the progress of transistor minimisation is well known, with the ‘Moore’s
Law’ prediction of a doubling of component density on integrated circuits every two
years holding true since 1965 [12], the pace of minimisation in the field of magnetic stor-
age devices has been even more dramatic, with a 50-million-fold increase in bit density
since 1956 [13]. As a brief example, two hard drives are shown in figure 1.2. The first
image in figure 1.2(a) is the IBM 305 RAMAC, which was the first commercial HDD,
released in 1956. Due to the high cost of computers at the time, devices such as this

were typically rented rather than bought. The 305 RAMAC cost $3,200 a month to rent,



Model: IBM 305 RAMAC Western Digital Blue - S0O0GB Portable SATA

Year: 1956 2008
Capacity: 4.4 MB 500 GB
Mass: >1000 kg 82g
Cost $3,200 per month, 1957 (= $26,500, 2013) ~$80

FIGURE 1.2: HDD units from 1956 and 2008

a) Two IBM 305 RAMAC HDDs (foreground) with operator, processing unit and console in
the background. This photo is in the public domain and was taken by the U.S. Army Red
River Arsenal.

b) Modern 2.5” laptop hard drive, produced by Western Digital. The photo is in the public
domain. It was obtained from Wikimedia where it was uploaded by user ‘Evan-Amos’ as a part
of Vanamo Media.

approximately equivalent to $26,500 in 2013 after adjusting for inflation '[14]. It could
store only 4.4-5 MB of data. Figure 1.2(b) shows a modern 2.5” laptop hard drive, which
stores 500 GB and weighs less than 100 g. In terms of cost per MB, these two examples
represent a decrease of over 8 orders of magnitude. The continued improvement in HDD
performance and memory density are some of the main motivations behind many of the
hot topics in magnetism research today. Two examples of areas of particular interest are
Heat-Assisted Magnetic Recording (HAMR), which uses a laser or other localised heat
source to temporarily lower the magnetisation reversal barrier of the bit being written,
and Bit-Patterned Media (BPM), which uses distinct, patterned bit entities [15]. BPM
has the potential for greater bit density than current designs employing granular films,
though implementation of BPM will require a high throughput nanoscale writing tech-
nique that is also low in cost [16, 17]. One example of a technique hoped to allow the
definition of theses individual bits is nano-imprint lithography, though further improve-
ments in efficiency and reproducibility are still required [18, 19]. The research in this

thesis is fundamental in nature, and is not specific to any particular device design.

Another potential application for magnetic nanowires is domain wall logic [20, 21]. In

such devices, Boolean logic functions such as AND, OR, NAND, XOR etc. can be carried

1For effect of inflation, the online Consumer Price Index Inflation Calculator produced by the United
States Bureau of Labour Statistics was used. (http://www.bls.gov/data/inflation_calculator.htm)
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out by propagating a domain wall through a specially designed circuit of magnetic
nanowires, which are usually composed of permalloy (NiggFego). The magnetisation will
preferentially lie along one or other direction of the wires involved, corresponding to a
logical 1 or 0. The initial magnetic ‘inputs’ and the propagation of domain walls are
governed via the application of external fields, and the logical outcome at the output
wire is determined by the manner in which the ‘input’ magnetisations interact with the
circuit and each other. Prior to fabrication and testing in the lab, circuit designs are
usually rigorously tested using a micromagnetic simulation software package such as
OOMMEF (Object Oriented MicroMagnetic Framework, ITL/NIST).

Other varied uses for magnetic nanowires include the growing area of spin transfer and
spintronics [22], high frequency devices [23], magnetic sensing [24] and cell manipulation

in biological systems [25].

Prior to implementation in proposed applications, a comprehensive understanding of
the fundamental behaviour of the magnetisation within the wires will be required. The
sensitivities of conventional magnetometers coupled with the tiny volumes of magnetic
material in these structures is such that it is far more convenient to measure many thou-
sands or millions of wires at once in order to gain an understanding of the behaviour
of a single entity. Thus it is desirable to quickly produce large arrays of well-aligned
nanowires with minimum distribution of their dimensions. A background to some of
the existing strategies for fabrication of such arrays is given in section 3.1, but here
it is mentioned that one of the most popular methods results in a vertical array of
nanowires perpendicular to the substrate surface. Far less attention has been paid to
planar arrays, which may hold important lessons for industry since most mechanized
patterning procedures are tailored towards planar features. In chapter 3, a simple pro-
cedure for the fabrication of large (order of mm?) arrays of highly regular nanowire
arrays is presented. It is shown that the thickness, width and separation can be spec-
ified by appropriate choice of template and growth parameters, and moreover that the

technique is applicable to a wide range of magnetic materials.

With regard to the magnetic phenomena and their relevance to the challenge of de-
vice minimisation and overall improvement, the central themes explored in the present
study include magnetic shape anisotropy, magnetisation reversal mechanisms and inter-
wire interactions. Each of these effects are important considerations for the design of
many of the proposed applications mentioned above. Magnetic anisotropy is the cause
of stabilisation of magnetic direction in any structure, and hence the non-volatility of
data storage. At dimensions approaching the nanoscale magnetic anisotropy becomes
increasingly important, as thermal effects rival the magnetic reversal barrier in magnetic

nanostructures. Studies of reversal mechanisms can reveal the expected form of domain
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walls (if any) during reversal, as well as the energy or applied field required to reverse
the direction of magnetisation. The effect of interwire interactions is an important con-
sideration for the design of devices containing magnetic nanowires, since the dominance
of this phenomenon will determine the maximum density that can be safely achieved be-
fore neighbouring particles impede the proper functionality of constituent components.
Finally, as is described in chapter 6, Fe was deposited onto the sidewalls of the vertical
GaAs nanowires to form hollow nanowires or nanotubes of Fe. Although only shape
anisotropy is exhibited in these structures, it may be the case that the magnetisation
may prefer the arrangement of closed loops which would theoretically have a very low
stray field. Closed magnetic loops in nanostructures have been the basis for investiga-
tions into simple spin-valve devices [26], although due to the low stray field and zero net

magnetisation, these closed loops may be difficult to detect experimentally.

1.3 Thesis Outline

The following chapter will give an outline of the various experimental apparatus used
throughout the study. It is roughly divided into sections relating to the fabrication of
the samples themselves, the analysis of the structural properties of the samples, and

finally the tools for magnetic characterisation.

In chapter 3 it will be shown that highly regular arrays of bunches of atomic steps can
be produced on vicinal Si and Aly,Og3 substrates. It is shown that the dimensions of
these steps including height and separation can be determined by appropriate choice of
the annealing parameters. In the latter half of this chapter the technique for producing
nanowire arrays via glancing angle deposition is described. It is shown that the dimen-
sions of these wire are controlled either by the ordered morphology of the template or by
choice of deposition angle and thickness. It is also shown that the technique is applicable

to a variety of magnetic materials.

Chapter 4 concentrates on the magnetic analysis of the nanowire arrays through a range
of different experimental methods. Particular phenomena that are investigated include
the shape anisotropy arising from the high aspect ratio of the nanowires, the effect
of temperature on coercivity and its implications for the modes and energy barriers
of magnetisation reversal, the effect of interwire separation on interactions between
the wires, the effect of ageing on the wire arrays and the resulting appearance of a

unidirectional magnetic anisotropy.

In chapter 5 the VLS method for growth of vertical GaAs nanowires is described and

a summary is given into what is known about how the various parameters affect the
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shape and crystal structure of the wires. Each study in this chapter includes the results
of wires grown from ordered arrays of Au droplets produced using EBL as well as a
random array of droplets produced by annealing a thin Au film. The ordered arrays of
nanowires are discussed and the effect of shadowing by neighbouring wires is examined.
The use of ordered arrays of Au nanodots allows for an investigation into the percentage
of nanodots which successfully promote wire growth, which is an area that receives
very little attention. Other studies include wire growth in As-limited conditions and
under Ass rather than As,, and the differing shapes achieved are discussed in relation
to atomistic processes. A common observation is the effect on the density of defects of
the contact angle, which is the angle between the sides of the droplet atop the wire and
the solid-liquid interface. It is shown that small droplet diameters are associated with
smaller contact angles, and consequently with lower defect densities. High resolution
TEM images show that excellent regularity of crystal structure can be achieved in certain

conditions.

Chapter 6 deals with random arrays of GaAs nanowires that have been coated in an
outer layer of Fe (as well as a subsequent protective capping layer of Au). A detailed
investigation using STEM and EDX is described, which illustrates the abilities and
limitations of the Fe-coating process. Finally, some preliminary FMR results are shown

which indicate an easy axis whose direction corresponds to that of the wire direction.
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Chapter 2

Experimental Methods

This chapter will describe the equipment and processes used throughout the entire thesis.
The principles of operation will be presented, as well as particular features, capabilities
and limitations of the equipment in relation to the experiments. Theory which is specific
to the experiment, such as the intricacies of the growth processes, will be found in later
chapters. Also excluded from this chapter are precise experimental procedures which
vary from one sample to another. These will be found in the chapter corresponding to
the experiment. The chapter is divided according to the usual experimental procedure,
which is to first fabricate the sample, then check its physical structure and finally carry
out magnetic analysis. Accordingly, the following sections each deal with fabrication

apparatus, structural characterisation and finally magnetic characterisation.

2.1 Sample Fabrication

The procedures used for sample preparation in the studies that follow are typical thin
film fabrication procedures. The first two secti