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Abstract

In this study nanomaterials are grown in a solid state reaction at 1300°C of
boron, barium oxide and iron(II/IIl)oxide powders in an argon atmosphere.
The nanomaterials are shown to be grown via vapour based method by grow-
ing the nanomaterials on a separate silicon wafer that has been sputtered with
iron and placed downstream of the powders in the flow of argon. An area
of the silicon wafer is kept free of iron by using a mask when sputtering the
wafer. When nanomaterials are grown, the masked area remains free of nano-
materials. This shows that the presence of iron is vital for the nucleation of the
nanomaterials and also indicates the possibility of growing these nanomateri-
als on targeted sites.

The nanomaterials produced are examined and it is found that we have a pres-
ence of amorphous, crystalline and multiple twinned nanowires. The evidence
collected suggests that ~ 70% of the nanowires are twinned. The single crys-
tal nanowires can be identified as boron carbide by comparing to diffraction
pattern simulations of a boron carbide unit cell. The twinned diffraction pat-
tern is shown to be due to different segments of the nanowire being in dif-
ferent diffraction condition by using Dark Field imaging. The Twinned wires
are also shown to have at least four segments in a cyclic [001] twinning orienta-
tion in simultaneous diffraction condition by comparing to a twinned structure
constructed from simulations. Elemental analysis using Electron Energy Loss
Spectroscopy and Energy Dispersive X-ray shows that the composition of the

nanomaterials is mainly boron and carbon.

The role of the iron layer on the wafer is investigated to see how varying the
thickness will affect the nanomaterials grown. It is successfully shown that
an increase in the thickness of the iron layer results in a greater density of
nanomaterials. However there is no great variation in the average diameter of

the nanomaterials produced.

The absence of a visible signal for iron in the Elemental analysis of nanostruc-
ture covered silicon wafer shows that the amount of iron in the sample has
decreased during the reaction. However iron is found in small amounts in
droplet structures at the tips of nanomaterials this is different to work done
on a similar system at 1100°C. This suggests that the role of the iron in the
growth of these nanomaterials at this temperature is not yet understood. How-
ever this work has confirmed that the iron is essential for the nucleation of the
nanomaterials, but post nucleation growth that was previously assumed to be

a conventional VLS growth may switch to an oxide assisted growth mode.
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Chapter 1
Introduction

Equipped with his five senses,
man explores the universe
around him and calls the

adventure Science

Edwin Powell Hubble

1.1 The topic of this research.

This thesis aims to deal with the synthesis of boron rich nanomaterials. Specif-
ically this work will deal with a five fold twinned nanowire morphology made
of boron carbide (B4C). The work aims to further the understanding of a com-
plex system and take steps to optimise the system so that an improvement in
efficiency is obtained. This will also lead to further study of a novel structure
that (i.e. forbidden) does not exist in bulk materials. We will vary the parame-
ters of the growth conditions and deduce any trends that are present as a result

of these variations.

1.2 An introduction to Nanomaterials.

In materials science a nanomaterial is a material that has constituents which are
of nanoscale dimensions [1]. This means that the material measures between 1
and 100 nm in at least one dimension. A vast variety of different types of nano-
materials have been observed through the years from simple nanoparticles to
complex structures that self assemble to form structures that look similar to

trees.
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Chapter 1 Introduction

Because of the small size of nanomaterials the physics that govern the behav-
ior of materials changes. This makes nanomaterials a very important class
of materials to study. Nanomaterials provide a means to study how mate-
rial properties such as electric transport [2], field emission [3] and the Young's
modulus [4] vary when their nanoscale properties are compared to their prop-
erties in bulk materials. They also contribute greatly to the understanding of
basic concepts in science. Nanomaterials have been successfully applied to
technological roles, for example logic gates have been fabricated using semi-
conductor nanowire junctions [5], and have been shown to be capable of basic
computation [5]. Here is a brief description of a few nanostructures significant

to this work.

A nanowire is a structure that is confined to the nanoscale in two dimensions
and has a diameter of nanometers [1]. Nanowires are of a particular interest to
those interested in building small scale nanodevices because they may poten-
tially be used as building blocks [6].

Nanotubes are like wires but have a hollow core. They tend to grow with

smaller diameters than wires [7].

Nanobelts [8], Nanoplatelets [9] or Nanoribbons [10] are only confined to the
nanoscale in a single direction. This makes them long and wide but thin, like

a belt or a ribbon.

1.3 Problems with Nanomaterials research.

In order to do research on nanomaterials it is often desirable to accurately posi-
tion them to perform analysis or incorporate them into a device (e.g. the work
done by Huang et al [5]). Because nanowires are small there are obstacles to
easily manipulating them. High precision tools are required to handle such

small objects.

When nanostructures are grown in large volumes they may intertwine with
each other, this is inconvenient if the nanostructures are to be isolated for use
or analysis. One way to avoid this problem is to directly grow the nanowire on
the site where it will ultimately be used. However growing a single nanowire

poses its own problems also.

Another aspect of nanowire growth under lively debate is the proposed growth
mode. In the literature there is a wide variety of proposed growth paths. Some
of the proposals can be applied successfully to many different materials, how-
ever then there are materials to which none of the existing proposals seem to

13



Chapter 1 Introduction

apply and a variation of a growth mode is often proposed. This shows that
there are many factors that need to be taken into account to fully describe and
understand the growth process.

One of the obstacles to solving the argument about how a particular nanowire
is grown is that until recently it has not been possible to observe nanomaterials
while they are growing. The growth methods initially proposed were educated
guesses taking into account the products of the reaction and the energetics.
Recently growth of nanostructures has been observed directly inside specially
adapted microscopes [11]. This development in technology has helped but it
is still very new and not very widespread and many questions remain unan-

swered.

1.4 An introduction to boron rich materials.

Boron is a lightweight non-metallic material with unique physical properties.
With a high melting point of 2300°C [7], and a hardness comparable to that
of diamond and excellent mechanical and thermal properties [7]. Boron rich
compounds are particularly suited to certain applications such as lightweight
high temperature high strength materials as well as micro-electronic, nuclear
and medical applications [12]. In addition to these properties several unique
morphologies of boron rich nanostructures have been reported. Boron is used
extensively in the electronics industry as a dopant for semiconductors. The
boron can donate a hole to the semiconducting material because it has fewer
valance electrons than the semiconductor. This in turn improves the conduc-
tion of the semiconductor [13].

1.5 Nanowires of boron rich materials.

In general nanowires have very different properties from the bulk material.
As an example metal nanowires exhibit higher strength when compared with
their bulk materials. The difference in properties is attributed to a decreased
defect density resulting from the reduced dimensions of the nanomaterials
[14].

Because boron has a high melting temperature and is extremely hard in its
bulk form it is likely that nanomaterials with these desirable properties could
be produced. These types of materials potentially have been proposed as re-
inforcement for a plastic matrix to create lightweight high strength materials.

14



Chapter 1 Introduction

The high temperature of these wires also has applications, however boron is
highly contaminating so is not suitable for applications such as high tempera-

ture containers for chemical reactions.
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Chapter 2

Background.

Men Love to wonder, and that

is the seed of Science

Ralph Waldo Emerson

2.1 General concepts of material growth.

In science and technology it is often desirable to produce materials that have
specific properties. One of the dominant factors determining the properties
of a material is the formation of the desired material from a vapour, a solid,
or a liquid precursor. The material grows from a nucleus which is formed as
the concentration of the atoms becomes sufficiently high. These newly formed
nuclei act as seeds for further growth [11].

Several different methods have been developed for material growth. Each
method has a varying level of control that can be exploited depending on the
type of nanowire that is desired. Here commonly used methods of growing

materials are covered.

2.1.1 Vapour phase growth.

The first method of growing materials that will be covered in this work relies
on the material arriving at the growth site in a vapour phase. The vapour phase
can be in the form of pure atoms, or molecules containing the desired atoms.
Vapour based growth is convenient because the vapour is easily transported to
the growth site and is easily separated from the other reaction products once
the reaction has finished. Vapour phase growth can be further divided into
physical and chemical depositions.

16



Chapter 2 Background.

2.1.1.1 Physical Vapour Deposition.

Physical Vapour Deposition (PVD) is used to deposit thin films of a material on
a surface by condensing the material from its vapour form [15]. The deposition
is purely physical i.e. simply heating, and no chemical reaction is required
to release the atoms desired for deposition. The vaporised material can be
produced by many methods. Commonly used techniques include heating [16]

and laser ablation [17].

2.1.1.2 Chemical Vapour Deposition.

Chemical Vapour Deposition (CVD) can also used to produce thin films on a
surface [18]. The process works by exposing the growth site to a precursor gas
which reacts and decomposes on the surface depositing the material on to the
site of growth. This process is different to PVD due to the chemical reaction
required to liberate the desired atoms for deposition.

2.1.2 Solid media reaction.

Another method of growing nanostructures is through a reaction between solids
[19]. The reaction occurs when the materials are heated in the absence of sol-
vents. The materials usually in powder form must be well mixed in order to
increase the yield. This type of reaction may contain a liquid phase as the mate-
rials are heated and can sometimes be referred to as a Solid Liquid Solid (SLS)
reaction. This method when used for growing nanostructures is not ideal, be-
cause there is a lot of bulk material in the reaction product as well as the nanos-

tructures.

2.1.3 Liquid phase growth.

Material growth can be facilitated through a liquid medium [20]. The atoms
in a liquid suspension can be deposited onto the surface of a solid. Important
factors in Liquid phase growth are the temperature, the viscosity of the liquid

and the amount of liquid.

2.2 The mechanics of nanowire growth.

Since the first observations nanostructures there has been interest in the way in

which these structures are synthesised. Materials such as nanowires are impor-
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Chapter 2 Background.

tant for the study of how the electrical and optical properties of materials vary
on the nanoscale when compared to bulk materials. Such one dimensional ma-
terials are also attractive as they would be easily adapted to be incorporated
into devices such as logic gates [5].

One of the crucial factors in the synthesis of nanowires is the control of compo-
sition, size and morphology. Once the material has reached the growth site, the
material is incorporated into the nanostructure. There are various mechanisms

that allow for the growth of nanostructures.

2.21 Vapour Solid.

In the Vapour Solid (VS) path, the material is absorbed directly into the solid
from the vapour [11]. This is a simple reaction that allows the growth of nanos-
tructures. It is useful because there is no need for a catalyst that may affect the
purity of the end product. This method can appear to be slow and inefficient

when compared to other catalysed methods.

2.2.2 Vapour Liquid Solid.

In the Vapour Liquid Solid (VLS) path, the material from the vapour is firstly
absorbed into a catalytic liquid metal alloy. As the alloy saturates with the
material it is then precipitated onto the interface between the liquid alloy and
the solid nanostructure [11]. This method was proposed by Wagner and ap-
pears to be widely accepted and applied to many different cases. The growth
is explained by looking at the phase diagram between the liquid and the solid.
The boron and iron form a liquid alloy when the temperature is higher than
the eutectic point ~ 1100°C and as the percentage of the boron in the sample
increases a phase boundary is crossed and now a solid is formed at the solid
liquid interface. The main evidence for this proposed method was the obser-
vation of metal droplets at the end of the nanowires, but in situ observations
of Ge nanowires have been reported in TEM[11]. Controlling the size of the
droplet allows for control of the diameter of the nanowire [21]. Generally a
quicker than VS, however if a nanowire has grown via VLS the catalyst is only
found at the tip of the wire, VS growth can still occur at the sides of the wire
unless they are pacified.

18



Chapter 2 Background.

2.2.3 Oxide Assisted Growth.

Oxide Assisted Growth (OAG) is similar to VLS but instead of the metal cat-
alyst, an oxide forms the liquid interface [11]. The growth of the structure is
aided by the presence of the oxide. The oxide has a catalytic role in the growth
of nanostructures. This mode of growth is less well understood than VLS and

was proposed by a group studying the growth of silicon nanowires.

2.3 Boron rich nanowires.

Ever since the observation of nanomaterials there has been a great interest in
understanding their properties both structural and mechanical. A variety of
different structures have been synthesised using a variety of different mate-
rials. The properties of a nanostructure can depend on the method that was
used to grow it. This section will review the methods used to produce boron

rich nanomaterials and in particular boron rich nanowires and boron carbide.

In order to produce nanostructures they must be grown by forming nuclei.
These nuclei are the seeds that crystals will grow from. A nucleus will grow in
all directions but if there is a preferred direction of growth that is energetically
favorable it will form into a wire. There are many methods that have been
developed to grow nanowires. Each method gives a varying degree of control

over the parameters of the nanowire.

2.3.1 Existing methods of boron rich nanowire growth.

Now that some of the growth modes have been discussed we will pay more
attention to our specific case of boron rich nanowires. There have been many

reports of boron rich nanowires being produced and by different techniques.

Amorphous nanowires have been grown on a large scale without a catalyst by
Cao et al [22]. Radio frequency magnetron sputtering of a boron target in a
protective argon atmosphere was used to grow boron nanowires on a silicon
substrate. The boron nanowires produced were well ordered with an uniform
length and diameter. The work also demonstrated that at ambient temperature

these wires were stable under pressure.

Also reporting a high density of self orientated amorphous nanowires is Wang
et al [23]. This technique also used radio frequency magnetron sputtering on
a silicon substrate but with a target made of a mixture of boron and boron
oxide. They are of the opinion that the growth of these wires is not described
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Chapter 2 Background.

by methods such as CVD and propose a variant on the oxide assisted growth

as a likely alternative.

Amorphous boron rich nanowires have also been grown by Guo et al using a
CVD process [16]. A nickel covered silicon substrate was heated to 900 Celsius
and reacted with a diborane gas precursor. They claim that a catalyst is not
necessary for the growth the boron rich nanowires in their study due to the lack
of preferential nucleation sites. But they do state that CVD growth is present
in the system.

Another CVD process using a diboran precursor gas with a silicon substrate
is detailed by Yang et al [24]. However the catalyst used in the reaction is
gold. The boron nanowires synthesised have a variety of diameters and mor-
phologies. Most of the nanowires grown were amorphous. They successfully
demonstrate a size dependency of the thickness of the wires on the thickness
of the catalyst film.

Single crystalline boron nanowires are also reported by Zhang et al [17]. The
nanowires are grown by laser ablation in an argon atmosphere. The work
demonstrates the growth with a variation of catalysts with varying success.
They propose that the growth is VLS based due to the nanostructures only

growing in the downstream direction in the argon flow.

Single crystalline boron carbide nanowires have also been produced by Ma
et al [25]. The samples were powder based and were grown at 1650°C in a
high frequency induction furnace. The growth is explained by a Vapour Solid
reaction.

Twinned nanowires have also been grown using a diborane gas by Otten et
al [26]. The gas was passed over NiB powder on an alumina substrate in a
furnace at 1100°C. They propose that CVD growth is present in this reaction.

Cao et al report the synthesis of boron suboxide nanomaterials from a solid
state reaction [27]. The nanomaterials are produced from a mixture of very
pure CaO, B and Fe304, the composition of the powder mixture is varied and
the compositions that produce nanomaterials are noted in figure 2.1. From
looking at the figure it can clearly be seen that when no iron is present no
nanomaterials are produced. The same is true for CaO. The experimental pro-
cedure involved milling the powders for two hours in alcohol, then forming
a tablet in a pressure cell with glycerine as a binding agent. The tablet was
heated in an argon atmosphere to 1450°C and held at this temperature for 4
hours. Chemical analysis of the nanomaterials shows that they are composed
of boron and oxygen in a ratio of 6:1. Diffraction techniques were also used

to confirm a BgO composition. The author indicates that although the growth
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Chapter 2 Background.

mechanism is complex and poorly understood, he believes that it is related to
the conventional VLS. It is also observed that the Iron is incorporated into the

center of some nanomaterials.

+0.00

i’ T T T
0.00 0.25 0.50 0.75 1.00

Fe,O, (by weight)

Figure 2.1: Adapted from Cao et al. ] Electroceram (2006) 17:817.
Composition of powder mixture for work done by Cao et al. Nanomaterials
are only produced in the circled area.

Jiang et al present a cyclic twinned nanowire [28]. The nanowires were syn-
thesised in a solid state reaction of boron, calcium oxide and magnetite pow-
ders that had been milled and pressed into pellets. The pellets were heated
to 1400°C for 2 hours in a flowing argon atmosphere. Electron Energy Loss
Spectroscopy (EELS) and Diffraction methods are used to confirm that the
nanowires are probably BsO. It is reported that there are traces of silicon in
the wires, this is attributed to the purity of the boron powder. The five fold
twinning structure is confirmed by systematically tilting the nanowire to two
highly symmetric crystallographic orientations that are 18° apart and compar-
ing to simulations of a five fold structure. The author suggests that nanomate-
rials with a similar structure should be observable in related boron rich com-

pounds as they have a very similar closed packing structure.

Using the same method as the previous author Fu et al have grown boron
carbide five fold twinned nanowires [29]. The cyclically twinned nanowires
were synthesised in a solid state reaction at 1100°C using a pellet made from
compacted Fe304, BaO and B powders. The work shows that VLS growth
is responsible for the growth of the nanowires as demonstrated in figure 2.2.
These images show that the iron exists as a droplet structure at the top of the
nanowire and is consistent with previous observations of typical VLS systems
such as that described by Cui et al [21]

In a similar system but at 1300°C Jiang demonstrates in his PhD thesis that

nanowire can grow without the iron being present [30]. His work in figure 2.3
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Figure 2.2: Adapted from Fu et al. CHIN. PHYS. LETT.(2009) 26,8:086110.

(a) A catalytic particle under SEM shows well wettability with boron carbide
nanowires highlighted by dashed red circles. (b) A catalytic particle consist of
26.22 at.% B, 6.65 at.% C and 67.12 at.% Fe identified by EDS quantification (c),
the Cr and Cu elements in EDS spectrum are from the copper grid. Its thick-
ness mapping is shown in (d). The boron, iron and surface oxygen elemental
mapping are shown in (e), (f) and (g), respectively.

shows EELS scans of a droplet structure that contains no iron. Further evidence
is supplied by High Angle Annular Dark Field (HAADF) imaging, because
this technique is sensitive to the atomic number, the iron appears bright in
the image compared to boron. We can clearly see in figure 2.3 that the trail
of iron has ended but the nanowire has continued to grow along it. These
observations throw doubt on the growth being a conventional VLS system as

the growth can continue without the iron being present.

2.4 What is twinning and a fivefold structure.

In the previous section it has been mentioned that twinned nanomaterials have
been produced. Twinning is common in crystalline materials and is described
by the International Tables for Crystallography, Volume D: Physical Properties
of Crystals [31]. Twins may form as a result of erroneously attaching atoms or
molecules to a growing crystal such that two crystals appear to be growing out
of or into each other. The boundary that forms between is known as the twin
boundary. Twinning can occur as single incidences or they can be repeated
[14]. The scientific community is aware of two distinct types of repeated twin-

ning, Lamellar twinning where the twining planes are parallel and the twins
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Figure 2.3: Adapted from Jun Jiang. PhD Thesis, Tsinghua University, 2007
Feature of the head of nanowire a). EELS charictirisation (b). HAADF image
for nanowire with iron Fe core (c). Components of the core and outer part of
the nanowire (d).

repeat continuously one after the other. The other is cyclic twinning, where all
twin planes share a common axis and the angle between two twinning planes
must be an integer of 360°. The five fold structure can exist in any crystalline
material that allows twinning on alternate coplanar twin planes that are sepa-
rated by an angle of about 27/5. The arrangement of the twin boundaries for
a five fold twinned structure is shown in figure 2.4. Five fold twinning is often
found in many elements especially transition metals, some lanthanide and in

a few of the metallic group II, III, IV elements with an FCC crystal lattice [14].

Properties of bulk materials greatly depend on the microstructure such as crys-
talinity, defects and grain boundaries. However at the nanoscale methods of
strengthening by incorporating impurities are ineffective due to the finite size
of the nanomaterials. Therefore exploiting the microstructure is the most effi-

cient method of varying the strength of the material.

Work done on five fold silver nanowires shows that the twinned nature of the
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Figure 2.4: The generic arrangement of twin boundaries in a five fold cyclic
twinned wire
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structure adds to the yield strength of the wires [6]. The work took five fold
twinned wires and deformed them to find the extent of the elastic and plastic
regions. In order to compare the results to single crystal morphologies, some of
the nanowires were annealed to induce recrystallisation. The increased yield
strength is due to the to the grain boundaries running along the length of the
nanowires. The highly controlled crystal orientations intersect the principle

slip directions to harden the structure.

I would expect to see a similar increase in the mechanical properties of boron

rich nanowires that are cyclically twinned further augmenting any size effects.

2.4.1 The unit cell of boron carbide.

My work is based on a method that produces boron carbide nanowires. The
unit cell of boron carbide is required for simulation of selected area diffraction
patterns. The dimensions and atomic positions were taken from work done
by Yakel in 1975 [32]. The unit cell has a hexagonal basis with a = b = 5.6720
A and ¢ = 12.1428 A. The atomic positions were given as B(1)(-0.164, 0.164,
0.359), B(2)( -0.106, 0.106, 0.133), B(3)(0.000, 0.000, 0.500) and C(0.000, 0.000,
0.383). However, previous work [33] [29] has been done using a rhombohedral
basis. The unit cell was converted to a rhombohedral basis. In its rhombohe-
dral form, the unit cell has the following parameters a = b = ¢ = 5.2065 A with
o= =vy=065.01. B(1)(0.195, 0.687, 0.195), B(2)(0.007, 0.325, 0.007), B(3)(0.500,
0.500, 0.500) and C (0.383, 0.383, 0.383). This structure can now be used to anal-
yse the Diffraction patterns, and is directly comparable with the work done

previously by others because we have the same basis.
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Experimental methods

In physics, you don’t have to go
around making trouble for

yourself - nature does it for you.

Frank Wilczek

3.1 Microscopes and Techniques.

During the course of my work many different microscopes were used to anal-
yse various aspects of the nanostructures produces. This chapter describes the
equipment used, and details the underlying principles that need to be known

in order to extract meaningful information from the results obtained.

3.2 Scanning Electron Microscope.

A Scanning Electron Microscope (SEM) works by using electromagnetic lenses
to focus an electron beam into a probe [34]. This probe is then scanned in
a raster pattern across the sample. As the electrons travel through the sam-
ple they collide inelastically and generate secondary electrons. The secondary
electrons can then escape the surface of the material, and be collected by the
detector using a bias voltage to attract them. The intensity of emission is mea-
sured at every point by collecting the emitted secondary electrons. The in-
tensity recorded at each point is used to form an image by representing each
collection point as a pixel. Because more electrons can escape from the edges
of samples, i.e. there is a shorter distance to travel before they escape into the

vacuum, there is a difference in contrast and this can be used to form an im-
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age of surface topography. Due to the vast amount of incoming electrons it is
possible for charge to build up if the sample is not sufficiently conducting. The
build up of charge on a sample is undesirable as it makes it hard to image the

sample at high resolution and the contrast continuously changes.

The SEM is useful for looking at bulk material, it is quite surface sensitive but
does permeate into the sample to some extent. The depth of penetration can
be changed by varying the acceleration voltage. Different accelerating voltages
can be used for different purposes.

3.3 Transmission Electron Microscope.

The Transmission Electron Microscope (TEM) is very useful for the analysis of
nanomaterials. It is very versatile and can give a lot of information about the
sample. In the TEM the sample is illuminated by a parallel incident beam [35].
The rays travelling through the sample are caused to scatter by interactions
between the electrons and the atoms in the sample. These rays are collected
by the objective lens and directed into a focal plane and an image plane. In-
formation can be obtained from both the focal and the image planes. In the
focal plane the information appears as a diffraction pattern which contains
information about the crystal structure and the lattice spacing. In the image
plane an image of the sample is displayed. The Diffraction pattern is a Fourier
transform of the real space image and is a very powerful tool in the analysis of
nanomaterials. It allows for the determination of the structure and can confirm

the elemental composition of a sample.

Electrons interacting with the sample are scattered by elastic and inelastic col-
lisions. This scattering crates many imaging conditions that can be used to
analyse a sample in the TEM. Because the beam of electrons needs to be trans-
mitted, the sample must be sufficiently thin to allow them to pass through. The
thickness of the sample should be less than 100nm to be electron transparent
and ideally be less than 30 -50 nm.

3.3.1 Image formation in the Transmission Electron microscope.

The incident beam is a plane wave function. When the incident wave interacts
with the sample a scattering phenomenon occurs and many wave functions
arise. When the diffracted wave passes through the objective lens the wave
function can be directed either into the Focal plane and an image plane as
shown in figure 3.1. In the focal plane of the lens we get information in the
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form of a Fourier transform and in the image plane the information is in the

form of an inverse Fourier transform.

Electron Gun

Condenser Lens

Specimen

Objective Lens

Focal Plane

Image Plane

Figure 3.1: The focal and image plains of a TEM

3.3.2 Electron scattering

As the electron beam passes through a crystalline sample the electrons are
scattered by the many atoms in the structure. This scattering is described by
Bragg’s law as shown in figure 3.2 and described by the equation:

nA = 2dsin(6,) (3.1)

Where 7 is an integer A is the wavelength of the incoming wave d is the dis-
tance between two crystal planes and 6, is the scattering angle.

This equation can be used to calculate the Bragg angles. At the Bragg angles
the intensity of the scattered beam is at its maximum. The resulting diffraction
pattern indicates that is due to the inelastically scattered electrons.
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Figure 3.2: Bragg scattering from a crystal lattice. As described by equation 3.1

3.3.3 The origin of contrast.

After the electron beam has passed through the sample, the wave functions
vary by angle. The different wave functions hold information about the inter-
action between the sample and the electrons beam. Contrast is the difference
between the intensity of the transmitted beams from different areas of the sam-
ple and can be expressed as

L-1L Al

c = ==
I I

(3.2)

Where C is the contrast and I is the luminance. The objective aperture which
is located in the focal plane of the objective lens can be used to select the direct
maximum or one of the diffracted maximum to form the image. The direct
maximum gives a bright field image and a diffracted maxima gives a dark
field image.

3.3.4 Types of imaging.

Contrast can be positive or negative in transmission microscopy. A positive
contrast is known as a bright field Image and negative contrast is known as
a dark field image. Ray diagrams of the microscope arrangements for each
different technique is shown in figure 3.3
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Figure 3.3: The difference between dark field and bright field imaging in a
TEM. Forming images relies on diffraction contrast.

3.3.4.1 Bright Field Imaging.

A Bright Field image is produced using the direct beam once the wave has
scattered through the sample [35]. The direct beam is the central bright spot in
a diffraction pattern. This is the most basic imaging performed in the micro-
scope and is usually the starting point for any analysis. A bright field image
appears like a photograph. That is the object removes some of the beams trav-
elling through it to leave a variation in contrast.

3.3.4.2 Dark Field Imaging.

A Dark Field image is formed from a beam that has been scattered by a crys-
talline sample [35]. These diffracted beams appear as the scattered spots in a
diffraction pattern. Dark field images can be obtained in two ways, displaced
aperture dark field where the incident beam is normal to the specimen and
centred dark field where the incident beam is tilted to the sample. The image
is an inverse of a bright field image, that is the object appears bright on a dark
background. This can be an useful tool because only the parts of the sample
able to scatter to that position will be displayed.

3.3.5 Contrast in the TEM.

Now that we understand what contrast is we shall examine the techniques that
can be used in microscopy in order to create contrast and look at what kind of

sample each technique is useful for analysing.

29



Chapter 3 Experimental methods

3.3.5.1 Mass-Thickness Contrast.

Mass thickness contrast arises from the incoherent elastic scattering of elec-
trons [35]. Thicker areas scatter more electrons than thinner areas. But also in
a sample of uniform thickness regions containing atoms with a higher atomic
mass will scatter more than regions that contain atoms with a lower atomic
mass. The thicker or higher Z areas appear darker in bright field images. The

intensity can be described by Beer’s law

Ly = Ioexp(— (%) pt) (3.3)

Where % is the mass absorption coefficient p is the density and ¢ is the thick-
ness. The scattering is dependent on the atomic mass (Z) and thickness vari-
ations in the sample. For this reason images taken by this method are mostly
qualitatively interpreted. This technique is useful for the study of non-crystalline

materials.

3.3.5.2 Diffraction Contrast and the Two Beam Condition.

Diffraction contrast arises from different parts of a sample being in different
crystallographic orientations. Parts of the sample scattering more of the elec-
tron beam appear darker in bright field imaging. Diffraction contrast is de-
scribed by Bragg’s law, and is dependent on the orientation of crystal planes

with respect to the beam of electrons [35].

The two beam condition relies on diffraction contrast. For the two beam condi-
tion the sample must be tilted so that only one of the diffracted beams is strong.
Several different two beam conditions can be obtained from near a zone axis
diffraction pattern by slightly tilting the specimen. Dark field images can be
obtained from the strong diffracted beams. The dark field image will vary
with the different two beam conditions. By using the two beam condition we
can obtain good contrast in our images and also makes interpreting the image

much simpler. This technique is useful for examining strain in a crystal lattice.

3.3.5.3 Phase Contrast Imaging.

Unlike other imaging techniques phase contrast imaging uses the phase dif-
ferences between diffracted electron waves [35]. This technique is used for

the imaging of crystalline materials. Both transmitted and refracted beams are
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gathered, the contrast is a result of the phase difference between the diffracted

and transmitted beams.

Whilst most imaging techniques use variation in the amplitude modulation to
see the object, phase contrast imaging uses changes in the phase. The varia-
tions in the phase are induced by variations in the object. We cannot detect
phase variations, so we have to transform the phase modulation into an am-
plitude modulation. This is done by the interference of the transmitted and
refracted beams. The difference in phase between the two causes interference,

which in turn changes the amplitude of the wave.
In simple terms: If we have an incoming wave
Ei(x,t)|y=0 = Epsin(wr) (3.4)

The object will induce a phase variation

EPM(I‘,I)|XZ() = EoSil’l[O)l—i—(P(%Z)] (35)

Using a trigonometric identity we can write this as

Epy(y,z,t) = Egsin(ot)cos(@)+Egcos(wt)sin(@) (3.6)

Usig only small values of ¢ we get

Epm(y,2,t) = Egsin(or) +Eo@(y,z)cos(or) (3.7)

The first term is independent of the object, so if we change the relative phase
by 7 /2 , we get

Epu(y,2t) = Eo[l+@(y,2)]sin(or) (3.8)

This is an amplitude modulated wave. The phase variations in the electron

beam are not recordable, so we use this technique to transform the imaginary

phase information into a component of the amplitude of the wave function.
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This is a real number and can easily be recorded.

3.4 Scanning Transmission Electron Microscope.

The Scanning Transmission Electron Microscope (STEM) is similar to the SEM
because it forms the electron beam into a probe at the sample and scans the
surface in a raster pattern [35]. But unlike the SEM the beam is transmitted.
So the sample must be sufficiently thin (as in the TEM). For STEM the elas-
tically scattered beams of electrons are used to form the image, they are col-
lected by Annular Dark Field (ADF) Detectors and High Angle Annular Dark
Field (HAADF) Detectors. HAADF images are highly dependent on the atomic
number (Z) of the sample because more electrons are elastically scattered by
atoms with a higher atomic number. Heavier elements appear brighter that
lighter elements in HAADF images. The inelastically scattered electrons can
be used for EELS.

3.5 Chemical Analysis.

In many instances, when looking at materials in a microscope it is desirable
to know what elements are present in the sample and in what concentration.
In order to do this several techniques have been developed that permit us to
perform chemical analysis in the microscopes. Here we deal with two that

were used during the research.

3.5.1 Electron Energy Loss Spectroscopy.

Electron Energy Loss Spectroscopy (EELS) uses the transmitted beam from the
STEM i.e. the beam that is not scattered to high angles due to scattering inelas-
tically. As the beam is transmitted through the sample its energy is changed
by interactions with the atoms present in the sample. Because we know the
energy of the beam before the sample, any changes are caused by the sample
itself [36]. This allows us to identify which elements are present in the sam-
ple by looking at the characteristic energy losses. An EELS spectrum contains
three distinct regions. A Zero loss peak, low loss region and high loss region.
Each region provides different information about the sample. These different

regions are shown in figure 3.4

1. The zero loss peak is formed by electrons that have simply passed through
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the sample without interacting with it and elastically forwards scattered

electrons.

2. The low loss region is formed by the interaction of the beam with the

outer electrons of the atoms.

3. The high loss region is due to electrons interacting with the tightly bound
inner electrons. This region carries the element specific information and

information about the bonding.

EELS Spectra
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Figure 3.4: A typical EELS spectrum from a boron carbide nanowire.

When a spectrum is obtained it has a background and a set of edges. The
background arises from multiple inelastic electron scattering events or the ex-
tension of previous absorption peaks. The background decays rapidly as a
power law. To get an elemental ratio the background must be subtracted to

leave the edges isolated.

EELS can also be used to measure the thickness of the sample by comparison

of the zero loss intensity to the spectrum intensity.

3.5.2 Energy Dispersive X-ray Analysis.

Energy Dispersive X-ray (EDX) analysis is a technique that uses the character-
istic emission of x-rays from atoms as the electrons drop into lower orbitals
[36]. As high energy electrons pass through the sample, they collide with the
electrons orbiting atoms in the sample. If an electron manages to displace an

inner shell electron from an atom an electron from a higher electron orbit will
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drop into the vacant position emitting an x-ray as it does so. These x-rays
are constantly emitted, and can be detected for use in chemical analysis. Each
energy gap is different and therefore will produce an x-ray with an unique en-
ergy. The energy is measured by the detector and compared to known values
of element specific x-rays. In this way elements present in a specimen can be
identified. Also the abundance of the element can be found by tallying the
counts at these specific energies. If EDX is used in conjunction with a scanning
probe then the elements at a specific location can be identified or regions of the
same element mapped. However the accuracy of EDX is limited by the skin
depth of the electrons as X-rays can be produced anywhere within the sample
that the electrons can penetrate to. Also the detector can only capture a small
amount of x-rays due to the uniform angular distribution of emission and the
fact that x-rays cannot be focused by lenses. An example of an EDX spectrum
is shown in figure 3.5

EDX area scan of iron covered silicon wafer
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Figure 3.5: A typical EDX spectrum of an iron coater silicon wafer.

As a general rule of operation the accelerating voltage of the electron gun
should be at least twice the value of the characteristic x-ray you wish to ob-

serve. This is to make sure that the excitation of the electron can take place.
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Results

Science is always wrong. It
never solves a problem without

creating ten more.

George Bernard Shaw

4.1 Preliminary work

This chapter documents the procedure of designing and implementing an ex-
periment to grow boron rich nanostructures. The ultimate aim of doing so is
to study the growth and confirm that it is vapour based and to examine the

parameters that effect the growth in order to lead to optimisation.

Samples were initially produced using a method based on the work done by
jiang et al [28] to produce nanowires on powder pellets. Powders of B, BaO and
Fe304 were mixed in an agate pestle and mortar until they formed an uniform
brown powder (approximately 10 minutes). Drops of glycerine from a pipette
were added one at a time and mixed into the powder until the powder was
uniform again. Three drops of glycerine were used with 0.411£0.01g Fe30;4,
0.301+0.01g Band 0.288 +0.01g BaO.

In order to fire the sample in the furnace the powder mixture was pressed in a
die to form a disk 20 mm in diameter and approximately Imm thick. A Clarke
Workshop Bench Press (10 Ton) was used for this purpose. Approximately 6
tons of weight was used to form the pellet in the industrial workshop bench
press. Six tons refers to the maximum pressure in the hydraulic ram when the

die was underneath it.

All samples used in this work were produced using this procedure and ingre-
dients.
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To form the nanostructures the powder needs to be fired. To fire the powder
an Ellite Thermal Systems Limited TSH16/75/450 tube furnace was used with
integrated Eurotherm 2416 PID and 2116 Overtemperature controllers. The
gas flow for the tube furnace was controlled by an MKS Mass Flow Controller
(MFC) Type 1179A with a maximum flow of 200 sccm and calibrated to ar-
gon. The MFC was controlled by a MKS PR 4000 control box. The exhaust gas
was passed through a sealed glass bottle half filled with water in order to re-
move particulates and prevent gas travelling up the exhaust. The set up of the
furnace is shown in figure 4.1. Further details of furnace operation and proce-
dures are included in Appendix A, along with Standard Operation Procedure
(SOP) and health and safety forms.

Figure 4.1: The furnace and gas flow system

The powder was put in an alumina boat and placed in the centre of the tube
furnace. The system was flushed with argon gas at 200 sccm to flush the sys-
tem, before being heated at 7°C per minute from room temperature to 200°C.
Whilst the temperature was being raised the flow of argon gas was maintained
at 200 sccm. Once the temperature reached 200°C the gas flow was reduced to
60 sccm and the temperature was raised at six degrees per minute to the max-
imum temperature of 1300°C. The furnace was held at this maximum tem-
perature for sixty minutes. Once the program had finished the furnace was
allowed to cool by natural convection to room temperature. The argon was
kept flowing until the furnace was completely cooled.

Examination of the sample shows that nanostructures were successfully grown.
The structures were observed in SEM and the powder dispersed in isopropanol
to make TEM samples.

Figure 4.2 shows some of the nanostructures observed on the samples and
are very similar to the nanostructures described in the literature [27][28], As
mentioned in much of the literature there is a droplet structure at the end
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Figure 4.2: A selection of nanostructures from the powder sample. (a) SEM
image showing platelets and wires. TEM images of (b) nanowire with droplet
structure at tip and (c) Platelet.

of many of the nanostructures. The dark contrast indicates the possibility of
these droplet structures containing iron. These may have a catalytic role in the
growth of the nanowires and are an indication that the nanomaterials may be

grown via a VLS route as suggested by [27] and [29].

In producing these samples we were able to investigate the role of barium
oxide in the samples. This was done to give us a greater understanding of
how the concentration of barium would affect the size of the nanostructures
grown. It should be noted that the nanostructures examined in this part of the
work are the platelets, such as the one shown in figure 4.2 c)

Several mixes of powder was prepared with a varying concentration of barium
oxide. The barium oxide was varied from 1.5% to 10.8% by weight. After the
pellets were fired they were examined by Scanning Electron Microscope and

Transmission Electron Microscope.

The graph in figure 4.3 shows that there is an increasing trend in the width of
the platelets with an increase in the concentration of barium. The barium could
be promoting growth by helping to produce a greater amount of the boron rich
gas needed for the VLS based growth.

4.2 Proving VLS growth.

The aim of this work is to determine how the unique fivefold structure is
grown. Work such as Cao et al [27] suggests that the presence of a catalytic
droplet means that the growth is likely to be grown by a VLS method. I will
now continue to attempt to prove that this is the case. According to the the-
ory of VLS growth [11], the growth of the nanomaterials can occur at any

site where the catalytic particle is present. This means that the nanomateri-
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How the widths of platelets change with varying concentration of barium
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Figure 4.3: Variation of average diameter distribution with respect to barium
concentration.

als should be able to grow on a remote site. This can be used to prove that VLS
growth is present by having the catalyst located on a remote site. If nanostruc-
tures grow then they are grown by a form of the VLS method. It was decided

to use a Silicon wafer was the substrate.

4.2.1 Designing an experiment to isolate VLS growth.

The evidence for VLS growth is the presence of droplets at the tips of the
nanowires that are present in the previous work done on boron rich nanostruc-
tures grown by a similar methods such as [27]. Also the eutectic point between
the components points towards the possibility of VLS growth at temperatures
exceeding 1100°C.

In order to test this proposal it was decided to design an experiment that would
isolate the VLS growth. Because VLS growth uses a vapour phase, it is possible
to have the gas produced in the pellet travel in the flow of argon to a remote

site where the liquid metal catalyst is present on a substrate.

Wafers of silicon (110) were sputtered with iron in a High Target Utilisation
Sputtering (HiTUS) system. The thickness of the iron layer was arbitrarily

set to 30 nm. The silicon wafer was cut into pieces measuring approximately
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20mm by 5mm. After the film was grown, it was exposed to the atmosphere,
so it is safe to assume that the iron is oxidised.

The iron coated silicon wafer was placed approximately 15mm downstream
along with a plain piece of silicon to act as a control in the flow of argon from
the powder pellet used to create the boron rich gas. The furnace was heated
using the same procedure as described in section 4.1. The specimen was re-
moved from the furnace once it had cooled to room temperature. Using a light
microscope with a x1000 magnification to examine the surface of the wafer
figure 4.4 was obtained. Structures are clearly visible on the surface.

Figure 4.4: A light microscope image of the surface of the wafer taken at x1000
magnification.

4.2.2 SEM examination.

A JEOL SEM (JSM 7000F) was used to study the morphology of the nanos-
tructures grown. This was done by obtaining secondary electron images of the
surface of the silicon wafer. The structures were examined specifically for the
characteristic details of the five fold multiple twinned nanowires.

The light microscope image figure 4.4 and the electron micrograph figure 4.5
a) clearly show a large coverage of wires on the substrate. Figure 4.5 a) is over
an area roughly 100 by 150 um, (roughly 15mm square). This shows that this

method of growing nanostructures gives an uniform density of nanostructures
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over a large area. Also visible are the characteristics of the multiple twinned
wires: a difference in contrast is clearly visible at the centre of some of the wires
indicating a variation in topography resulting from the star shape cross sec-
tion. A good indication that the growth is due to a VLS method is the presence
of the droplets on the tips of the nanowires. In addition to those nanowires
displaying these characteristic structures there are other structures that could

be single crystal. Also observed are the broad flat nano platelets that are also

found in the powder samples.

(a) (b)

Figure 4.5: a) Shows an uniform covering of nanowires. b) and c) are higher
magnification images showing droplet structures at the end of the wires. Also
visible in b) is a nanowire showing the characteristic variation in cross section,
indicated by rectangle.

These images also clearly show the presence of the droplet structure at the end
of the wires. This is indicative of VLS growth, and is a good indication that
we have managed to isolate the VLS growth component responsible for the
formation of the five fold twinned nanowires. In figure 4.5 c) a variation of
morphology can clearly be seen in the region of the wire indicated by the box.
This is due to the multiple twinning of the particle and is a clear indication that
we have the presence of the multiple twinned nanowires that are also found
in the powder samples. These re-entrant edges are discussed in great detail by
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Fu [29].

Because the nano structures are grown without any clear preferred direction of
growth, it is difficult to find the base of the nanowires. This makes the study
of the base of the nanowires difficult. It also inhibits the measurement of the
lengths of the nanowires. However it is possible to move our observations to
the edge of the silicon wafer and look at structures protruding over the edge

or those grown on the sides of the silicon wafer.

Figure 4.6: These SEM images show nanowires at the edge of the silicon wafer.
a) nanowires including one with a large droplet structure. b)droplet struc-
tures on the silicon substrate c) nanowires with an extensive covering of large
droplet structures.

In figure 4.6 a) we can see that the length of the wires is easier to determine.
The base of the wire is still not visible but it is possible to estimate where it is
without incurring an overly large error in length calculation. In figure 4.6 b)
we can see droplets on the side wall of the silicon wafer, we can also see similar
droplets along the length of the nanowires in figure 4.6 c) however these are
much larger than droplets observed on other parts of the sample, this could
be due to a larger volume of boron rich gas passing over these lower density

nanowires in comparison to the nanowires at the centre of the silicon wafer.

From observations we can say that the length of the nanowires grown is roughly
10 pm microns. In principle it should be possible to vary the length of the
nanowires grown, by varying the length of time that the boron rich gas is pass-
ing over the substrate and catalyst. However accurate control of how long the
boron rich gas is passing over the catalyst is not very controllable in the cur-
rent system. Improvements to the method used will be discussed later on in
section 5.2.

4.2.3 TEM analysis.

The microscope used to do this analysis is a JEOL 2011. In order to determine
the types of nanowires produced TEM samples were prepared by using a clean
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scalpel blade to scrape the surface of the silicon wafer over a vial. The vial
was then part filled with isopropanol and then dispersed in an ultrasonic bath
for a few minutes. The isopropanol was then dripped onto holey carbon film
supports mounted on copper TEM grids. When the sample is loaded into the
TEM the individual nanowires can be examined. In the microscope bright field

images were obtained.

Using the TEM micrograph obtained during the course of the work, 36 wires
were recorded as examined with 25 of the nanowires being multiply twinned,
9 single crystal and 2 were amorphous. If this is a representative sample of
the nanowires produced then ~ 70% of the nanowires produced are multiply
twinned. However there is the possibility that twinned nanowires appear as
single crystal due to only one segment being in diffraction condition, and for
single crystal nanowires to have defects present that may cause the diffraction
pattern to look like a twinned pattern.

4.24 Amorphous nanowires.

Some of the wires observed were amorphous. These wires tend to have a rough
surface and curve slightly.

(a)

Figure 4.7: Bright field image of nanowire a) associated diffraction pattern b)
of an amorphous nanowire.

Figure 4.7 a) is a bright field image of one such amorphous nanowire. We
can see it has a very rough surface and also there is a slight curve visible in
the wire. The wire is confirmed as an amorphous nanowire by looking at the

associated diffraction pattern figure 4.7 b).
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The wire could be a boron rich amorphous nanowire or it could be a silicon
wire. The silicon wire would form from the substrate. This is made possible
due to the surface modification of the wafer at the experimental temperature
of 1300°C. Looking at the images in figure 4.8, the modification caused to the
surface of the silicon wafer without iron can be clearly seen. The wafer was
cleaved and the piece rotated so that the cloven facet faced upwards. The re-
sulting SEM micrograph figure 4.8 b) shows that the destruction of the surface

of the wafer extends approximately 20um from the surface.

© AccV SpotMagn Det WD Exp ————— 20um - AccV SpotMagn Det WD Exp
500kv 30 1160x TLD 61 1 15.0kv 3.0 1857 TLD 54 1

A

(a) | (b)

Figure 4.8: The damage caused to the substrate by the high temperature of the
furnace from above a) and in cross section from a cleaved silicon wafer b)

The damage caused to the surface may cause silicon vapour that may be incor-
porated into the nanomaterials and form amorphous nanowires. Single crystal
silicon nanowires may also be formed with the addition of an iron catalyst [37].

4.2.5 Single crystal nanowires.

Some of the nanowires displayed diffraction patterns for single crystal nanowires.

To examine the crystal structure, Selected Area Diffraction was used.

4.2.5.1 Electron diffraction analysis of individual nanowires.

In order to confirm the crystal structure of a single crystalline nanowire, sev-
eral diffraction patterns were obtained from different zone axis. The sample
was orientated using a double tilt holder. When a diffraction pattern is on a
zone axis the pattern is symmetrical. Three of these patterns were obtained and
compared to computer simulations. The simulations were constructed using

two pieces of software.
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1. CrystalKit - A program to construct a three dimensional model of the
unit cell from known basis and atom locations.

2. MacTempas - Mainly used for high resolution image simulation, but in
our case used to construct and index the diffraction patterns.

The structure of boron carbide detailed by Yakel [32] was used to create an unit
cell with CrystalKit, and the lower order diffraction patterns were calculated
using MacTempas. These patterns were indexed and then compared to the
diffraction patterns obtained from experiment. The details of the unit cell used

are given in the background.
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Figure 4.9: Diffraction patterns of (0-21) and (1-21) orientations from the same
nanowire a) and c), and a comparison to simulations b) and c).

The patterns in figure 4.9 are a good match. This confirms that the single crys-
talline nanowire is likely to be a boron carbide nanowire.
4.2.6 Cyclically twinned nanowires

Figure 4.10 a) shows a nanowire that gives the characteristic diffraction pattern
shown in figure 4.10 b) associated with twining. The nanowire is straight and

44



Chapter 4 Results

variations in contrast along the length indicate that some difference in diffrac-

tion condition.

Many of the nanowires that were observed displayed the characteristic split-

ting of the diffraction spots that is a result of the twinned nature of the nanowire.

(b)

Figure 4.10: Bright field image a) of nanowire and the associated diffraction
pattern b) showing characteristic diffraction pattern due to twinning.

4.2.6.1 Dark field images.

In order to show that the splitting of the diffraction spots is caused by the
twinning, dark field images of a wire were obtained. Dark field images are
taken by isolating a single diffraction spot from a diffraction pattern using the
objective aperture. This condition allows only the parts of the material re-
sponsible for producing that particular diffraction spot to be imaged. This is
particularly useful when dealing with twinned samples because the cyclically
twinned nanowire is made of five crystalline segments each sharing a common
crystal plane at the centre each segment has an unique orientation. This means
that if we use the objective aperture to isolate a diffraction spot then only the
segment of the wire responsible for that diffraction spot will be imaged. By
doing this we can confirm that twins are present in the sample.

Dark field images were taken of some nanowires displaying the diffraction

pattern that indicates a possibility of multiple twinning.

Figure 4.11 b) shows a comparison of the dark field images obtained from dif-
ferent halves of a split diffraction spot (circled in figure 4.11 a)). It can clearly
be seen that each half of the wire is in diffraction condition when each half of
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(@)

Figure 4.11: a) Diffraction pattern a) used to obtain dark field images b) from
different halves of a split spot (circled), compared with a bright field image.

the diffraction spot is isolated. The images have been coloured to help show
the variation in contrast. This allows us to say with certainty that we have a

presence of twinned nanowires.

4.2.6.2 Simulation of the twinning diffraction pattern.

The dark field images confirm the presence of a twinning structure, but do not
confirm that the wire consists of five twins. In order to show that five fold
twinning present, The SAD patterns in figure 4.10 b) was compared to a set of
diffraction patterns made from simulations.

The simulated diffraction patterns are constructed from the unit cell described
in section 2.4.1. The five fold structure is constructed from the unit cell in

varying orientations about a central [001] axis.

In figure 4.12 a) I have been able to isolate four distinct diffraction patterns
from figure 4.10 a). There is a possibility that the fifth is not in diffraction
condition, or that it overlays on the other patterns. These individual diffrac-
tion patterns have been colour coded in figure 4.12 a) in order to show the
individual contributions from all the segments. When this simulated pattern
is superimposed on the diffraction pattern obtained from experiment, we can
see that there is good agreement.

The diffraction patterns are in good agreement with the simulations although
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Figure 4.12: Simulated diffraction patternmade from four different orienta-
tions of a boron carbide unit cell a). Simulation overlaid on an experimental
result b).

there are some minor discrepancies regarding the intensities, but these could
be due to the simple way this pattern was constructed. This tells us that it is
highly likely that we have five fold cyclically twinned structures present in the
sample grown. This increases the likelihood that we can confirm that these

highly unique nanowires are grown via VLS.

4.2.7 Chemical analysis using EELS and EDX

Both EELS and EDX are very powerful tools for performing analysis on the
elements that are present in a material. The two techniques use different meth-
ods to confirm which elements are present in the sample. We can be certain
of the elemental composition of our nanostructures if we are able to obtain re-
sults that agree with each other using different elemental composition analysis
techniques. To determine the chemical composition of the nanowires an FEI
SEM equipped with NORAN system EDX for chemical analysis was used to

examine characteristic emission of x-rays from the sample.

When an area of the sample was examined with EDX we can see peaks for
boron, carbon and oxygen figure 4.13.

The boron comes from the boron rich gas produced in the pellet, the silicon is
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EDX spectrum of sample grown via CVD method
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Figure 4.13: EDX spectrum from the surface of the silicon wafer. No peak for
iron is seen even though it is expected.

due to the wafer that the structures are grown on, although there is a possibility
that silicon nanowires have grown due to the destruction of the surface. The
oxygen contribution is likely to come from the silicon oxide layer on the surface
of the wafer. The carbon is from the glycerine used to bind the powder when

it is pressed. This was also observed by Fu et al [29].

A JEOL 2200 FS double aberration corrected microscope operating in STEM
mode was used to obtain EELS spectra.

From looking at the EELS spectrum shown in figure 4.14 a) we can see the
edges for boron and for carbon, however when we look for the peak for oxy-
gen (532 eV) no peak is visible in figure 4.14 b). This leads us to the conclu-
sion that we have produced boron carbide nanowires and not boron suboxide

nanowires.

The background of the signal can be removed by fitting the region just prior to
the peak with a power law function. Subtracting this function from all points
of the edge leaves only the edge. Once the edges for boron are isolated we can
compare the shape of the edge with known edge shapes figure 4.15 c) doing so
we can see that there is a good match with see that they are of the same shape

as would be expected for a boron carbide material.

The fine structure of the background subtracted edge compares well to the
boron carbide edge from the literature [38]. By using the software on the mi-
croscope we can quantify the amount of each element present in the sample.
This is done by subtracting the background to leave only the signal, the ratios
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Figure 4.14: Raw EELS spectra showing edges for boron and carbon. Insert
shows region surrounding 532 eV where edges for oxygen would be expected.

of the two elements are then compared. The software takes into account the
differences between the elements and adjusts accordingly. The results of these
calculations are shown in table 4.1.

Carbon Boron percentage boron
1 0.83+0.118 45.41
0.39£0.056 1 71.69
0.33+0.046 1 75.43
0.29+£0.041 1 77.33
1 0.56+0.080 36.10

Table 4.1: Composition ratios of boron to carbon in the nanowires.

We can see that the ratio of boron to carbon of 3:1 although one ratio does
suggest that it is close to 4:1. The build up of carbon on the surface of the wires
as scans are performed could be responsible for altering the ratio. A HAADF
image pre EELS and post EELS were taken to see if there was any build up
of carbon figure 4.16). The scan was performed over the area indicated by
the box. The probe was raster scanned over this area to minimize build up of
carbon at each point. When the images are compared we can clearly see that
there has been a visible build up of carbon (indicated by arrows). This would
affect the measurements taken.

The findings of the EELS are consistent with the results from the EDX, We can
confirm that we have a presence of boron carbide nanowires. This finding

points to the likelihood that the boron carbide nanowires are produced via the
VLS path.
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Figure 4.15: Fine structure in the boron edge a) and in carbon edge b). The
edges for boron rich materials c).

4.2.8 Summary of Improvements In the method.

When this method of growing nanostructures is compared to the method first
used to produce the nanostructures as described in section 4.1, we can see that

there are some great differences in the results.

Previously the nanostructures were grown in the powder sample, but with the
method discussed in this chapter the nanowires are grown on the flat surface
of a silicon wafer. This makes observations of the wires much easier as they

are not located on a rough surface.

Comparing images from samples grown at the same time, figure 4.17 a) is from
the powder and figure 4.17 b) is from the surface of the silicon wafer. The
magnification of the two images is roughly similar, and it can clearly be seen
that the density of nanostructures is higher when grown on the silicon wafer.
We can also see that the growth covers a larger area when compared to the

nanostructures grown on the powder sample.

Growing the nanostructures on the surface of a silicon wafer gives us a high
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(a) Pree EELS (b) Post EELS

Figure 4.16: HAADF image taken before a) and after b) EELS quantification.
Contamination can be seen to have built up in the time it takes to perform one
scan.

yield of born-rich nanowires some of which are multiple twinned. This method
of producing the nanowires can be viewed as an improvement of the previous
procedure which gave a simple method of producing the five fold twinned

nanowires because of the ease of observing the nanowires.

The nanowires grown on the powder sample are sporadic whilst the silicon
wafer is uniform over a large area, i.e. you can look at any part of the silicon
wafer and observe growth sites, but with the powder sample they must be
found first, this can be time consuming. Both samples are produced using
the same simple reaction but the remote growth has a greater potential for
harvesting the nanostructures because they all grow on a flat surface. When
the nanostructures are dispersed in alcohol there is some debris, but much less

debris than that occurs when the powder sample is used.

Although there are many benefits to this system of producing boron rich nanowires
there are also downsides. Because of the surface destruction there is a pos-
sibility that some of the nanowires seen in the SEM micrograph are silicon
nanowires. Due to the surface destruction of the silicon wafer there is a chance
that some of the wires are doped with silicon. The presence of amorphous
and single crystalline boron carbide nanowires as well as the multiple twinned
nanowires indicates we still have work to do to be able to fully understand and
control the growth of these boron rich nanostructures with their unique mor-
phologies.
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Figure 4.17: These images show the difference between a) the earlier method
when the nanowires are grown in the powder pellet and b) when the growth
happens on a silicon substrate.

4.3 The role of the iron precursor layer.

In other VLS processes [21] they have demonstrated that the process can be
controlled by the catalytic metal. Now that we have shown that the multiple
twinned boron carbide nanowires can be grown remotely on a silicon wafer
covered with iron a study to compare the system with other accepted VLS

systems will be performed.

To prove that the iron was essential for the growth of the nanostructures on
the silicon an experiment was designed to isolate regions on the silicon wafer
covered by iron from areas with no iron on the silicon. If iron is essential for
the growth of the nanostructures then the nanostructures will not grow on the

regions free from iron.

The silicon wafer was prepared in the same manner as described previously
in section 4.2.1, using the HiTUS sputtering system, except this time a quarter
of the wafer was covered with tape before it was sputtered. This was done to

keep the surface free from iron.

The samples were grown using the same method previously used to grow the
sample section 4.1 with the addition of a silicon wafer. The samples were anal-
ysed in an FEI SEM with NORAN system elemental X-ray analysis.

The interface between the region of silicon covered in iron and the region free
from iron is clearly visible figure 4.18. The interface is a straight line as would
be expected from using a piece of tape to mask the surface. Nanostructures
can be seen on the right of the image and the silicon substrate is still visible on
the right.
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Figure 4.18: SEM image of the interface between the iron covered region (right
of image) and the region free from iron (left of image).

The surface of the masked area of silicon is free from nanostructures figure
4.18. This is consistent with the fact that the iron is responsible for the pres-
ence of the nanostructures. This information allows the growth of the nanos-

tructures to be targeted to specific areas of the sample.
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Figure 4.19: The points marked P1 and P2 at which the EDX measurements
were made, on either side of the interface.

To confirm the presence of boron rich nanostructures on the area covered with
iron EDX analysis was done. We expected to see peaks for boron, carbon and
iron on the region covered with nanostructures and only peaks for silicon and
oxygen on the masked region. A series of EDX spectra obtained from the
points in figure 4.19 are displayed in figure 4.20-21. The inserts in the figures
are of the entire energy spectrum and have been plotted with the counts axis
on a logo scale in order to show that there is nothing above the noise threshold.

At an accelerating voltage of 5kV we can see the peaks for boron and carbon
these are from the nanostructures grown on the surface of the region covered
with the iron. Also visible are the peaks for oxygen and silicon. These can
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EDX spectrum of iron covered region at 5kV EDX spectrum of iron covered region at 15kV
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Figure 4.20: EDX of silicon surface where nanowires have grown showing
peaks for expected elements B, C, O and Si at a)5kV and b)15kV. Note the
absence of peaks for iron (L 0.71 keV or Ky, 6.4 keV).

be explained by the presence of an oxide layer on the silicon upon which the
nanostructures are grown. Although it must be noted that there is a possibil-
ity that there are contributions from silicon oxide nanowires that have grown
alongside the boron rich nanostructures as discussed previously. Unexpect-
edly there is no peak for iron on either of the spectra. Looking at the full spec-
tra obtained (insert of figures 4.20) do not show a peaks for iron which would
be expected at either Ly 0.71 keV or K 6.4 keV.

EDX spectrum of masked region at 5kV EDX spectrum of masked region at 15kV
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Figure 4.21: EDX of surface where no nanowires have grown showing peaks
for expected elements B, C, O and Si at a) 5kV and b) 15k V.
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These spectra are from the region of the sample that was free from iron. We
see only peaks for oxygen and silicon. The absence of boron on the surface
that is free on iron is consistent with expectations as the iron is an important

component of the growth of the boron rich nanostructures.
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This is consistent with the statement that the iron is required for the nucleation
of the nanostructures, but iron is not found on the sample after it has been fired
[30].

Cui et al demonstrate that VLS growth is able to control the diameter of the
wires by varying the size of the catalytic metal drops. It would be interesting

to know if our system allows a similar control.

In order to investigate how the iron affects the growth of the nanostructures an
experiment was designed to see how the thickness of the sputtered iron layer
would affect the distribution of the diameters of the nanostructures.

The samples were produced using the same technique described earlier in sec-
tion 4.1 but the samples were grown with different thickness iron layers. The

range of thickness’s used was 20, 30, 40 and 50 nm.

SEM micrographs of the samples were obtained from random positions on the
surface of the wafer and analysed to observe any trends in the width and the
density of the nanostructures. A representative selection of the images taken

is shown below in figure 4.22.
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Figure 4.22: Images taken at random positions of nanomaterials grown on the
surface of silicon wafers with different thickness of iron.

This series of images from the four different samples produced show the chang-
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ing density of the nanostructures. The images were analysed to find the num-
ber of wires per um?. This was done by counting the number of wires present

in a known area of the sample.

Thickness of iron layer | Number of wires per um? | error
20 nm 0.36 0.03
30 nm 1.01 0.03
40 nm 1.18 0.04
50 nm 1.41 0.30

Table 4.2: Density of nanowires grown for different iron thickness.

The same images were also analysed to determine the distribution of diameters
of the nanomaterials produced. The results are displayed in [Figure 4.21].
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Figure 4.23: Series of graphs showing how the diameters of the nanowires
grown vary with different thickness of catalyst layer.

The distributions in figure 4.23 show that the average thickness of the nanos-

tructure produced via this method remains roughly constant.
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We can use these results to state that we can grow a higher density of nanos-
tructures with a thicker film of iron, but the thickness of the iron layer does
not have any great effect on the thickness of the nanomaterials produced as
displayed in figure 4.24.

The increased density is likely due to the thicker layer of iron forming a greater
number of droplets when the layer is thicker. However the thickness of the iron
layer does not affect the size of the droplets that are formed. The size of the
droplets is more likely dominated by other factors such as the temperature.

Density and width of nanostructures on silicon surface with varying thickness of iron
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Figure 4.24: Comparison of how density and Average width of nanomaterial
change with different thickness of iron layer on the silicon wafer

4.4 What happens to the iron?

Previously it has been noted that there is an absence of iron in the chemical
analysis. This could be due to the detector not being sensitive enough to reg-
ister the amounts of iron in the sample. To test whether this was the case, iron
coated silicon wafers that had not been fired were analysed. The scans were
performed at 5 kV and 15 kV, and all the scans were able to detect some level
of iron from all of the samples. Figure 4.25 is one such scan on the wafer with
the lowest level of iron coating (20nm thick layer). This suggests that the level
of iron present in the sample after it has been fired is less than the initial levels

because it is not detected.

The iron may be able to evaporate from the sample in some way. By looking
at the compounds present in the reaction it may be possible for the iron to
form an iron boride compound which may have a melting temperature of the
order of 1300°C [39]. The literature states that one of the main products of the
reaction in powder is FeB [27].

In experiments on Carbon nanotubes it has been shown that it is possible for
iron to permeate into the silicon and sit at the interface between the silicon and
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EDX area scan of silicon wafer with 20nm iron coating
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Figure 4.25: Test to make sure the EDX is sensitive enough to the levels of iron

the silicon oxide [40]. If this mechanism is present in our system then the iron

may exist at the interface betwin silicon and silica.
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Figure 4.26: a) Cross section view of the silicon wafer broken in half a) and
EDX of the oxide layer b).

The cross section of one of the silicon wafers was examined to see weather the

iron could be detected at the bottom of the oxide layer.

In figure 4.26 a) we can see the cross section of the wafer. When EDX figure 4.26
b) was performed on the cross section no peaks for iron were seen. Although
the spectrum does have a higher background at higher energies there is still an

absence of peaks at the expected position.

Because the levels of iron are relatively small and the growth is done under
gas flow, the iron may simply be able to evaporate even though its melting

temperature is higher than the reaction temperature.
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EDX analysis was performed on individual nanowires in the TEM. Figure 4.27
a) shows a dark region in the droplet structure of the nanowire, This shows
that there is iron present in the tips due to Z contrast. however the dark region
is only part of the structure, and the rest is likely to be an oxide according
to the EDX scan in figure 4.27 b). The EDX scan in figure 4.27 b) also shows
that there is silicon present in the wires. The silicon is likely to have been
incorporated from vapour produced by the destruction of the surface by the
high temperature of the reaction, or as an impurity present in the chemicals
used in the reaction that produces the boron rich gas.

EDX spot scan of nanowire tip in TEM
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Figure 4.27: TEM image of nanowire tip a). EDX analysis performed on the
nanowire tip b).

Work by Jiang [30] has shown that the nanowire can be wetted by the iron
at temperatures of 1300°C and be incorporated into it during growth. Even
though the iron is no longer present a droplet structure still exists but is mainly
an oxide of boron. His work shows that the growth of the nanowires is not
reliant on the presence of iron. My work has shown that iron is essential for
nucleation of the nanostructures, and the low levels of iron suggest that it is not
essential for growth but it is present in the nanostructures. It should be noted
that the iron may still have a role, but it has not been possible to determine it
during this work.
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Conclusions.

The whole of science is nothing
more than a refinement of

everyday thinking

Albert Einstein

5.1 Conclusions.

This work contains an account of how the conditions were varied in order to
explore the growth of boron rich nanostructures. To conclude, the findings of
this work are summarised in this chapter.

Firstly we have shown that the multiple twinned boron rich nanostructures
initially grown in a powder, can be grown via a Vapour based method. This
was done by having the nanostructures grown remotely from where the boron
rich gas was produced in the powder pellet. Doing so removes the possibility
of any solid state reactions. Whilst examining the sample an assortment of
nanostructures were observed, including those that exhibit the characteristics
of being multiple twinned.

We have demonstrated that the iron is important for the nucleation of the
nanowires. This was done by having regions free from iron on the surface
of a silicon wafer. The areas kept free form iron were free from nanostructures.
This suggests the presence of a VLS based method. Our demonstration also
shows that we can target the growth of nanostructures to desired locations by
using masks when depositing the iron.

The role of the iron layer was investigated and it was found that by varying
the thickness of the layer we could vary the density of the nanostructures. A
thicker layer of iron would give a higher density of nanowires than a thinner
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layer of iron. The average diameter of the nanomaterials seems to remain in-
dependent of the thickness of iron layer. The diameter is most likely to depend

on the experimental conditions.

Chemical analysis via EDX analysis of the nanostructures grown show that
the samples contain boron, carbon, oxygen and silicon. The silicon is from the
wafer upon which the sample is grown, and there is a surface oxide that would
account for the large amount of oxygen present. This leaves boron and carbon
as foreign elements which have arrived at the sample during the growth pro-
cess. This evidence points towards the presence of boron carbide nanowires.
Although it is possible that there are boron suboxide, and silicon nanowires
present.

EELS on several nanowires gives a large variety of chemical compositions. No
oxygen was detected on the wires sampled, they were all made of carbon and
boron. The ratios calculated by the software vary from 36% to 77% boron.
This variation may be explained by the build up of contaminant carbon on the
surface of the wire. There is also a possibility that the ration of boron to carbon
is variable [41]. The fine structure of the boron edge compares well with the
edge for boron carbide. These results point to the sample being predominantly

boron carbide.

Analysis of diffraction patterns from TEM shows us that we have a variety of
wires present in the sample. Diffraction patterns were obtained for twinned
nanowires, single crystal nanowires and amorphous nanowires. Simulations
confirm that the boron carbide structure for the single crystalline nanowires.
Dark field imaging was used to show that different well defined region of the
nanowire are responsible for the twinning diffraction pattern. Comparison to
simulations confirm a cyclic twinning structure of boron carbide is present in

some of the wires.

My experiments seem to suggest that the iron may not be needed for continued
growth after the nucleation of the nanowires, because the levels of iron have
fallen below the detection limit of the EDX on the SEM. The iron was detectable
before the Iron coated silicon wafer has boron rich nanomaterials grown on its
surface. The iron may form an iron boride compound in the presence of the
boron rich gas. Iron boride has a melting point of the order of 1300°C [39]. This
is the same temperature as the reaction temperature of the furnace, and as the
furnace is at this temperature for an hour under gas flow then the iron may
evaporate and travel out of the system. This would leave an oxide assisted
growth mode to then dominate. However this is not confirmed in this work.
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5.2 Further work.

Now we have a greater understanding of how the product of the process varies
at one temperature, the same investigation should be conducted at different
temperatures. Special attention should be given to the presence of the iron at
temperatures below 1300°C this may help to confirm what happens to the iron,
i.e. does it evaporate as it is not at a close enough temperature to its boiling
point. If the iron is present at lower temperatures does its presence cause a

variation in the type of nanostructures grown?

Using a mixture of powders to produce boron rich gas is not an elegant method,
for commercial applications it would be desirable to have a boron rich gas such
as diborane as used by Otten et al [26]. This method should be investigated to

ensure that the twinned nanowires are present.

Some of the potential uses of boron rich material depend on the mechanical
properties of the nanowires. An investigation of properties such as the Young’s
modulus and the electronic properties and how they vary for different wires.
Preliminary investigations have shown that it is possible to force nanowires
to oscillate using a method developed by Scruton [42]. A nanomanipulator
is moved to be in close proximity of a nanowire tip. An oscillating electric
field is applied to the manipulator. At the correct frequency the nanowire will
resonate. The resonant frequency can then be used to calculate the Young's
modulus of the nanowire. These graphs in figure 5.1 show the resonance curve

for two different nanowires grown with a different thickness of iron precursor.

Using the formula below which comes from simple beam theory.

2\ 2
E = l6p (27[;%) (5.1)
0

where p is the density, L is the length of the nanowire, D is the diameter of
the nanowire, fj is the natural frequency, f is an eigenvalue for a cantilevered
beam (= 1.875) and E is the elastic modulus of the nanowire.

Nanowire 1 has D = 89nm, L =26.9um and fo = 1.05GHz. These values give an
elastic modulus of 614.7 GPa. This value is greater than the 4.48x10' INm~2 =
448 GPa experimentally determined for bulk boron carbide[43]

Nanowire 2 has D =362nm, L =39.1um and fy = 0.66GHz. These values give an
elastic modulus of 201.56 GPa. This value is consistent with values obtained
for silicon nanowires [44]. However this value is also what was found for

curved crystalline boron nanowires [4].
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The result for wire 1 in particular indicate that an improvement in the Young's
modulus from bulk boron carbide. However a more systematic investigation
is required in order to confirm this.

These preliminary results indicate that this method of growing nanowires will
lead to an improvement in the elastic properties over bulk boron carbide. If
this technique is to be used to obtain results I would recommend a refinement

of the technique so more points can be measured more accurately.
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Resonant frequancy curve for nanowire 1

80
e
60
L
"GC'J' ®
E 40 =
8 o
o
@ o0 -
5
0 4 ®
1.00 1.04

Frequencg (GHz)
(a)

Resonant frequancy curve for nanowire 2

L
=
)]
=
O]
(6]
8
&
(]
®
0 - ° & ® ®
0.62 0.64 0.66 0.68 0.70

Frequency (GHz)
(b)

Figure 5.1: These figures show the resonance curves of nanowires grown under
different conditions. Note the displacement is on an arbitrary scale.
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Chapter 6

List of Abbreviations

VLS
CVD
SEM
TEM
STEM
EELS
ADF
HAADF
EDX
JEOL
FEI
MKS
MFC
HiTUS

SOP

Vapour Liquid Solid.

Chemical Vapour Deposition.
Scanning Electron Microscope.
Transmission Electron Microscope.
Scanning Transmission Electron Microscope.
Electron Energy Loss Spectroscopy.
Annular Dark Field.

High Angle Annular Dark Field.
Energy Dispersive X-ray.

The JEOL Company. Manufacturer of Electron Microscopes.
The FEI Company. Manufacturer of Electron Microscopes.
The MKS Company. Manufacturer of Gas control systems.

Mass Flow Controller.
High Target Utilisation Sputtering.

Standard Operating Procedure.

Table 6.1: List of abbreviations.
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Appendix A

Appendix A.

This appendix contains the operation manuals and health and safety proce-

dures put in place during this work.

These are included so that they are able to be referenced and will greatly aid

understanding of operations for any trying to replicate this work.
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Quick Operation of High Temperature Furnace

This document is designed to offer a quick start in the use of the high temperature

furnace. This should be read in conjunction with the relevant manuals and is not a

substitute for the manuals. Specifically this can be used by project students to use

the furnace quickly and safely.

Warning

The furnace is capable of high temperatures, so care must be taken when
working near the furnace when it is running.

Parts of the furnace are made of ceramic. These brittle parts can be easily
damaged by slight knocks. The ceramic components are also expensive to
replace.

Wear gloves at all times when in contact with the furnace. Doing so will
protect your hands from any debris left in the vessel and prevent the oily
smuge on your hands damaging the ceramic components.

Make sure you have filled out a risk assessment, and have read all the
appropriate Materials Safety Data Sheets (MSDS) for the compounds you are
going to use, the likely intermediates and final products (including gaseous

phases).

Before you begin.

1. Make sure the furnace is cold. Do not attempt to open the furnace when it is

warm. The temperature of the furnace can be checked by turning on the

Furnace Power Supply on the wall, the internal temperature of the furnace is

displayed on the Furnace Readout [Fig.1].

Make sure the Heat ON button on the Furnace Control Panel is in the OFF

position. The Elements Isolated should be lit when you turn on the furnace

[Fig.1].
If the weather has been cold there is a chance that the exhaust pipe may be

blocked by ice. If the temperature outside has dropped below zero recently
then check the pipe outside. Access to the courtyard is through the doors at

the end of DF wing near the engineering workshop.
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Not all steps mentioned have to be followed. The steps used depends on the specific

needs of your experiment.

Operation of the furnace.

4.

Remove both End Plates and the Heat Shields [Fig.3]. Place them safely on
the bench (so that they cannot roll off).

Use the wooden Meter Rule to push the Inner Tube so that it is at one end of
the Outer Tube [Fig.3]. The Meter Rule can be found hanging on the wall near
the gas bottles. Please return to its place after using [Fig.1].

Place the Reaction Boat [Fig.4] carrying your sample inside the Inner Tube

and position using the Wire [Fig.1] to push the Reaction Boat so that it is

roughly 270mm inside the Inner Tube [Fig.3].
Use the wooden Meter Rule to push the inner tube approximately 400mm
inside the Outer Tube.

Put the Heat Shields back into the outer tube [Fig.3].

9. Place the End Plates back on the flanges and tighten [Fig.3]. The nuts should

be sequentially tightened a quarter turn each until finger tight.

10. Enter your program for the furnace. Details on how this is done are described

in Appendix 1. These instructions are taken from the manufacturer manual.

11.Make sure all valves (V1-V4) are closed (perpendicular to the pipe) [Fig.1].

12.Turn on the power to the Gas Control Unit [Fig.1]. The switch is located on the

front of the unit
a. The first screen shows the flow (FL1) and the setpoint (SP1) for MEC1
[Fig.1].
b. The second screen shows the flow and setpoint for MEC2 [Fig.1].
Navigation between these two screens is done via the up and down

arrows.

13.Pump the system. The pump can be found on the side in the sample

preparation area of the lab.

a. Attach the pump inlet to the furnace via V3 [Fig.1].

b. Attach the pump outlet to the exhaust pipe leading outside.
c. Open valve V3 [Fig.1].
d

. Turn on the pump.
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Pump the system until the pressure is constant. Use the Pressure
Gauge to check this [Fig.1].

After the vessel is pumped down close V3 and turn the pump off
[Fig.1].

Disconnect the pump and return to its place in the lab.

14.Flush the system.

a.

Open the argon gas bottle and open the Regulator (clockwise) so that
the outlet pressure is 1 bar [Fig.2].
Use the arrow buttons on the Gas Control Unit to change SP1 to 800

sccm [Fig.1]. To change the SP press the right arrow an underscore
will appear underneath one of the digits. Use left and right to select the
desired digit and then use the up and down buttons to change the
numbers. Press enter to confirm your selection. The underscore will
disappear when your selection is confirmed.

Press the ON button on the Gas Control Unit [Fig.1].

Slowly open Valve V1 [Fig.1].

Once the Pressure Gauge reads 1000 bar. Wait a further minute and

then open Valve V4 [Fig.1].

15. Depending on the sensitivity of your experiment to atmospheric gasses you

may want to repeat the pumping of the system several times.
16. Put the Heat ON switch in the ON position. The Isolate Elements light should

now be off [Fig.1].

17.Now start the furnace program running.

18.Change to use the other Gas bottle.

a.

C.
d.

e.

Open the gas bottle. Open the regulator (clockwise) so that the outlet
pressure is 1 bar [Fig.2].

Use arrows buttons on the Gas Control Unit to change SP2 to the

desired flow rate [Fig.1].
Open Valve V2 [Fig.1].
Close valve V1 [Fig.1].
Change SP1 to zero.

19.Once the furnace is cooling put the Heat ON in the OFF position. The |solate

Elements light should now be lit [Fig.1].

20.When the furnace is cool.
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a. Change SP1 and SP2 to zero if they are not already at zero. Make sure
that the Requlators [Fig.2] are closed (anticlockwise) as far as it will go
and that the gas bottles are closed.

b. Close all valves (V1-V4) [Fig.1].

c. Press the OFF button on the Gas Control Unit [Fig.1].

21.Turn off the power to the Gas Control Unit [Fig.1].

22.Turn off the Furnace Power Supply [Fig.1].

23.The End Seals can now be opened and the Reaction Boat removed from the

furnace [Fig.4]. By following steps 5. and 6. Use the Wire to carefully pull out
the Reaction Boat with your sample inside.
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Appendix.1

BASIC OPERATION/PROGRAMMING
EUROTHERM 2416 PROGRAMMER

Use as a PID Setpoint Controller.

Press either the ‘UP’ A or ' DOWN’ ¥ buttons to adjust the lower displayed reading
to indicate the required setpoint. The furnace will heat up at its fastest rate to the
setpoint once the furnace door is closed and the ‘HEAT ON’ switch is moved to the
(1) position.

Frequently, it is undesirable to allow the furnace to heat up the load at the fastest
rate, and a series of controlled temperature ramps and dwells at specific
temperatures may be required.

Setting a Programme.

1. Decide whether the programme ramps are to be in °C per minute or °C
per hour.
2. Decide whether the required dwell times are to be in minutes or hours.

These two parameters are adjusted early on in the sequence, and apply
to all ramps and dwells in the set programme.

3. Ensure that the 'HEAT ON’ switch is OFF (O) position. This prevents
unwanted heating of the furnace during setting up of the programmer.

4. The programme is tamper protected and access to the programme setting
is by password.

5. The default password as supplied is (number) 1.

6. Switch on the instrument and allow it to stabilise after its self test routine.

Method

1. Press the left hand ‘PAGE’ button several times until ‘ACCS LIST is
displayed.

2. Press the second left 'SCROLL’ button once to display ‘CODE 0'.

3. Press the ‘UP’ A button once to change the lower display to 1.

4, ‘CODE PASS’ will now be displayed.

5. Press second left ‘'SCROLL’ button once to show ‘GO TO OPER'.

6. Press ‘UP’ A button once to change display to ‘GO TO FULL’.

7. Press left button ‘PAGE’ several times to show ‘PROG LIST'.

8. Press second left ‘'SCROLL’ button to show ‘Hb OFF’.
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BASIC OPERATION/PROGRAMMING
EUROTHERM 2416 PROGRAMMER

Holdback is a feature which allows the programme to stop and wait for the
furnace to “catch up” with the programme if, for example, too fast a
heating or cooling rate has been set in the programme.

To set the holdback, it is usual to set this as ‘BAND’ and then to set the
number of °C above and below the setpoint, outside of which the
programme will stop and wait for the furnace temperature to rise or fall to
within the set band.

Thus, for any given load, the holdback will ensure that the load will remain
at the required temperature + or - the holdback figure irrespective of any
programme ramp rate setting.

9. If holdback is required press either the ‘UP’ A or ‘DOWN’ ¥ button until
‘bAnd’ is displayed.

10. Press second left (scroll button) to display ‘Hbu’ and adjust the lower
reading using the ‘UP’ or ‘DOWN’ button to change the lower display to
the required holdback band.

11. Using the scroll button press once to display ‘rmPu’ and then depress
either the ‘UP” A or ‘DOWN’ ¥ button to select secs, mins or hours. This
will then enable further setting to give °C per minute/hour/second.

12. Press scroll once again to display ‘dwLU’ and adjust the bottom display to
read either sec/min/hour as required for the dwell periods.

13. Press scroll to read ‘CYC.n.". The lower figure will indicate the number of
times the programme will cycle before ending. Adjust the figure using
‘UP’A or 'DOWN’ ¥ buttons as required.

14. Press scroll button to indicate ‘SEGn1’. This will then be the first segment
in the program.

15. Press scroll button to show ‘TYPE RMPr'. This will allow a setting of
°Clunit of preset time e.qg. if in (11), minutes was selected, then the ramp
setting will be in °C per minute.

16. Press scroll again to indicate the level to which the ramp should go.
Adjust the lower reading using the ‘UP/DOWN'’ buttons to show the
desired level.

17. Press scroll again to show TATE.00.” Adjust the lower reading to show

the desired ramp rate.

18. Press the scroll button again ‘SEGn2’ shows. This will be the next
segment for adjustment: If you wish to re-adjust segment 1, simply press

the down button, then the scroll button to access the required parameter.
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BASIC OPERATION/PROGRAMMING
EUROTHERM 2416 PROGRAMMER

19. Assume that the segment 2 is to be a dweli at the target temperature.
Press the scroll button to show tYPE DWELL’. If ‘DWELL’ doesn’t show,
use the ‘UP/DOWN' button to change the bottom display.

20. Press ‘SCROLL’ - ‘durXX will show. Adjust lower display to show the
required dwell period. This will be in units of time as preset in (12).

21. Scroll will now show segment 3. Assume this is to be the end of the
program and the furnace should cool down at its natural rate.

22. Scroll the ‘'TYPE XX and adjust lower display to read ‘END’.

23. Scroll to show ‘END RSET'. END can be a dwell or a reset. Select reset.
Reset exits program mode and reverts to standard control mode.

24, If the furnace is to cool to ambient temperature then the basic
setpoint as described in “Use as a PID setpoint controller” MUST be set
to zero.

25. If other ramps or dwells are required in the program, simply enter the

ramps and dwells in sequence as per the foregoing instructions.
8 segments are available for use as ramps or dwelis in any sequence.

To Run a Program.
Press the small button marked ‘RUN HOLD'. Run will illuminate.

To Hold a Program at any Point.
Press the ‘RUN HOLD’ whilst in a program. ‘HOLD’ will illuminate.

To Reset a Program

- Press ‘PAGE’ button several times to show ‘ACCS LIST'.

- Press ‘SCROLL’ to show ‘GOTO FULL’ (adjust if necessary) with ‘UP/DOWN'’
buttons.

- Press ‘PAGE’ button to show ‘RUN LIST.

- Press ‘SCROLL' to show ‘STAT OFF’ (adjust with ‘UP/DOWN'’ buttons as
necessary.

Note: Should no key operation be performed within 45 seconds, the indication
will revert to ‘normal’ indication of setpoint and measured temperature.
However, it will not be necessary to re-enter access code number unless
the instrument has been turned off. Pressing the ‘PAGE’ button will
enable re-access to ‘PROGLIST and scrolling through the list will return to
the required parameter for setting.
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Standard Operating Procedure for high temperature furnace.

This Standard Operating Procedure ONLY covers the procedure for producing boron rich nanostructures using Boron, Iron(lI\lll) Oxide, Barium Oxide and
Glycerol. If you want to use ANY OTHER MATERIALS to produce nanostructures a new Standard Operating Procedure should be approved. The Standard
Operating Procedure should cover any products and intermediate compounds formed in the reaction and the correct method of handling and disposing of
the materials produced. Any materials that are potentially hazardous should be noted in particular.

Safety.
Before using any of the materials you must have read the Materials Safety Data Sheet (MSDS) for all compounds.
You should understand and comply with any safety procedures mentioned in the risk assessment.

You should not attempt to operate the equipment unless you are familiar with the correct procedure as detailed in the manual. Doing so may result in
damage to the apparatus and a potentially risks to safety.

When handling the products:
-Wear gloves at all times and wash your hands afterwards.
Reaction products and intermediate compounds.
This reaction is designed to produce:
- Boron suboxide, Boron carbide.
However these compounds and intermediates may also be formed:
-Iron Borate, Iron Oxide, Boron Oxide, Colemanite, Boric acid.

Boric acid has a pH of 4 in a saturated aqueous solution.



Disposal of materials.

To dispose of materials they should be sealed in a suitable container, clearly labelled and taken to Chemistry stores on a Monday or Wednesday
afternoon (1:30-3:30pm). The technicians will arrange for their waste disposal contractors to dispose of it safely.
The waste will be treated as chemical solid waste.

An internal waste transfer note should be completed (attached at rear) and handed over with the material for disposal. A copy of the internal waste
transfer should be retained for our records.

Internal waste transfer note also available online at:
http://www.york.ac.uk/admin/hsas/safetynet/Waste%20Management/Internal%20Waste%20Transfer%20Note%20(VS%201.1%20-%20May%2008).pdf

Chemistry stores can be contacted on extension 4547. The waste disposal technician is Owain Samuel.



DO NOT MAKE COPIES OF THIS DOCUMENT

Name: Date: Experiment ID:

Complete a risk assesment and note the reference number and initial.

Reference number: Initial:

Prepare powders:

Weigh powders. [l Weight of chemicals Boron:
Mix powders in pestle and mortar O Barium oxide:
Must be done in a fume cupboard. Iron(l1/1)oxide:
Glycerol:
Total:
Form a pellet using the press and die. O
Pellet formed with pressure of:
Place pellet in an alumina boat. O]
Insert pellet into furnace:
Make sure furnace is cool before opening.
Use the wooden ruler to carefully push and place:
The boat 270mm inside the inner tube. ]
The inner tube 300mm inside the external tube. ]
Insert the heat shields, and seal the tube with
the end plates. O]
Turn on the power to the furnace and the MFC. O Initial furnace temperature:
Check that the Argon gas line is open. O Open valves:

Closed valves:




Programme the PID.

Programme MFC.

Start the experiment.

Change the gas valves so the reducing gas is used.

Once the furnace has cooled:
Shut off the gas.

Turn off power.

Remove the sample.

Place sample in labelled container.

Quality assurance

DO NOT MAKE COPIES OF THIS DOCUMENT

O Programme uesd:

O Programme used:

At what time will the gas lines have to be altered.

] Start time:
predicted end time:

O Open valves:
Closed valves:

L] Temperature at end of experiment:
] End time:
O] Mass of product:

Take two images of the sample using the optical microscope in the laboratory.
Use a magnification of x1000 in bright field and darkfield with a low camera zoom.

Atatch the images to this document.




THE UNIVERSITY W INTERNAL WASTE TRANSFER NOTE

A1. Please describe the waste being transferred.

SECTION B. DESCRIPTION OF WASTE CONTAINERS (Including any Packaging, Quantities and Volumes)

B1. Please describe how the waste is contained including the volume and weight.

SECTION C. DESCRIPTION OF THE HAZARDS ASSOCIATED WITH THIS WASTE
C1. Please provide a brief description of the hazards associated with this waste including any patibility restricti

SECTION D. LOCATION OF WASTE PRODUCTION (To include Department, Building, Room Number etc.)

D1. Please describe the location and process where the waste has been produced.

SECTION E. CONTACT DETAILS OF THE PERSON HOLDING THE WASTE (TRANSFEROR) THE PROCEDURE

E1. Name E2. Telephone

E3. Email Address york.ac.uk |[R#ERPETT

E5. Time E6. Slgnature

E7. Departmental Reference or Serial Number

SECTION F. CONTACT DETAILS OF THE PERSON COLLECTING/RECEIVING THE WASTE (TRANSFEREE)

F1. Name F2. Telephone
F3. Email Address york.ac.uk [SZENPEITS
F5. Time F6. Signature

F7. Departmental Reference or Serial Number

SECTION G. WASTE

G1. Department G2. Location

G3. Date G4. Time

G5. Comments
/Notes

Note. Waste Transferor to retain a copy of this Internal Waste Transfer Note once the Waste Transferee has accepted the
waste and the waste transfer is complete. Copies of Internal Waste Transfer Notes are to be retained for 3 years.

Internal Waste Transfer Note (VS 1.1 - May 08).doc
Page1of1
UNCONTROLLED DOCUMENT IF COPIED or PRINTED



Reference NUMDbBEr: .......ooovvvvveevviiieceeieeecens

Nanosystems risk assessment form.

This form should be completed before any work is undertaken in the nanosystems laboratory. A new form
should be filled out for every different procedure that will be carried out in the lab. This form is to be filed in
the lab for future reference it is recommended that each student keeps a copy for their own reference.

The reference Number at the top of this page should consist of the individuals’ initials (in capitals) and a three
digit number starting at 001 and rising consecutively for each risk assessment completed.

Name of individual:

The materials that will be used:

The equipment that will be used:

Please note the location at which the work will be done. Note any specific reasons why:




Any specific risk to you or others who may be working in the area at the same time or afterwards:

Please indicate the steps will you take to minimise the risks involved:

Give a brief description of the work including its purpose and how the final product will be used:

e | confirm | have received and have read and understood all the materials
safety data sheets (MSDS) for all materials involved in mywork. ...

e | confirm that there are no less hazardous materials that canbeused ...

e | confirm that | have received training in how to handle the materials that | will
be using, and understand the dangers associated with each materia. ...

e | confirm that | have received training in how to use all of the equipment

necessary for me to complete my work, and understand the dangers ...
associated with each piece of equipment.

Signature: Date:

Countersigned:
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