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Abstract

This thesis presents the structure and physical properties of silicon rich oxide (SRO)
films and SiO, nanowires for their potential applications in non-volatile memory device

or optical- and bio-sensors.

As an extension of earlier study, the mechanical properties of SRO films deposited by
plasma enhanced chemical vapour deposition (PECVD) were studied to correlate with
loss of hydrogen during annealing process. Two distinct modes (Straight and
oscillating) of crack propagation for films on a (100) Si substrate are reported.
Amplitude and wavelength of oscillating cracks affected by SiO, buffer layer and
failure behavior on film irradiated by ion implantation techniques are examined.
Charge trapping related to hydrogen release in the SRO films and the formation of
metal nanoparticles within SRO films by direct thermal reaction is also briefly

discussed.

During the fabrication process of metal nanoparticles, the growth of amorphous silica
(Si0,) nanowires was observed. A systematic study has been performed to understand
the growth mechanism of the SiO, nanostructures and a growth model based on the
VLS mechanism is proposed by the production of SiO as a vapour phase source of Si
and O via a reaction between Si and residual oxygen, present in the annealing ambient
at 3-10ppm, described by: 2Si + O, — 2Si0. The dominance of this reaction over the
competing reaction: Si + O, — SiO; is a strong function of oxygen concentration and
temperature and for the fixed oxygen concentration employed in this study, limits

growth to the temperature range >1000°C.

Vil



The controlled growth of nanowires depending on growth conditions, including
catalyst/substrate combination, process gases, growth temperature and time, or
combinations of these parameters, is reported. In addition, more subtle growth modes
including the growth of nanowires on silica substrate with a secondary source of SiO

produced by a Si capping wafer in the vicinity of the substrate are investigated.

This thesis also discusses the fabrication of hybrid metal-silica nanostructures including
self-supporting nanowires films, Au-peapod structures, Au-decorated nanowires, core-
shell, and hyper-hybrid SiOy nanowires. A growth model is proposed and their basic

properties such as photoluminescence and optical absorption are investigated.
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Chapter 1

Introduction

1.1 Overview

Silicon oxides (Si0;), nitrides (Si:N4), and oxynitrides (SiONy) have been intensively
studied because of their technological importance in microelectronic, optoelectronic and
micro-electro-mechanical systems (MEMS) based applications''®.  Films of these
materials are typically deposited onto host substrates by techniques such as chemical

-1 or sputter deposition'”.. However, the as-deposited films

vapour deposition (CVD)
often contain high levels of residual stress''” ") The fabrication of most devices also
involves thermal cycling, which can further contribute to the thin film stress''*. An

understanding of such thin-film stress and film failure modes is critical in most

applications.

The excellent thermal stability, biocompatibility and chemical inertness of silica has
also led to applications involving nanostructured material with high surface-to-volume
fraction such as porous silica, and more recently silica nanowires. These materials have

great potential for bio- and environmental sensing.

1.2 Motivation for current study

Silicon rich silicon oxide (SRO) films (NB: SRO is used throughout this thesis to mean
silicon-rich oxide and oxynitride films) have properties, such as their refractive index,
that depend on the excess silicon concentration and they have been exploited in recent
years to fabricate light-emitting silicon nanocrystals and optical waveguides. Our

preliminary work in this area showed that SRO films deposited by plasma enhanced



chemical vapour deposition (PECVD) contain high concentrations of hydrogen. The
hydrogen was found to be released from the films during subsequent annealing at
temperatures above about 400°C and to be correlated with an increase in tensile stress.
The current study extends this initial work and assesses SRO films for use in non-
volatile memory applications. Specifically, the latter investigates charge trapping at the
defects produced by hydrogen desorption and at the synthesis of metal and/or metal

silicide nanocrystals by metal diffusion and reaction within SRO films.

During the course of our study to understand the formation of transition-metal
nanoparticles in the SRO matrix we observed the growth of amorphous silicon-rich
silica nanowires. This led to a major new research direction aimed at understanding
their growth and functionalisations. This study was further motivated by the unique
physical properties of nano-structured silica and its potential for novel bio-sensing

applications. This work led to a provisional patent.

1.3 Thesis structure

This thesis is presented in six chapters, including this introduction. Chapter 2 briefly
introduces the various experimental techniques used in this thesis. The main
experimental results are then presented in Chapters 3 to 5. Chapter 3 presents results on
the thermal stability and mechanical properties of the SRO films and concludes with a
brief survey of potential applications. Chapters 4 to 5 present the results on silica
nanowires, with Chapter 4 concentrating on the growth, structure and properties of
silica nanowires, and Chapter 5 concentrating on with the fabrication, structure and
properties of hybrid metal-silica nanostructures. Finally, Chapter 6 summarizes the

conclusions and discusses possible directions for future work.
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Chapter 2

Experimental Techniques

This chapter provides a brief overview of the various experimental techniques used in

this thesis. Additional specific details are provided in each of the experimental chapters.

2.1 Sample preparation methodology

Silicon-rich-oxide, amorphous-silicon and metal thin films were deposited onto various
substrates using plasma-enhanced chemical vapour deposition (PECVD) and sputter
deposition techniques. Additionally ion implantation techniques were used for ion-
irradiation and doping effects of selected samples. Thermal annealing of the samples

was carried out in an open quartz tube furnace.

2.1.1 Plasma enhanced chemical vapour deposition (PECVD)

An Oxford Plasmalab 80 PECVD system was used to deposit the silicon rich oxide
(SRO) films on silicon substrates. Figure 2.1 shows a schematic diagram of the PECVD
system. The upper electrode is connected to a 13.56 MHz RF generator and the sample
is placed on the lower electrode. During the deposition process, dilute silane (95% N> +
5% SiHs) and nitrous oxide (N,O) are introduced into reactor chamber and the RF
generator produces plasma between two circular electrodes. When highly reactive
radicals in the plasma encounter other reactive species on the sample surface, a solid
layer of SiO4N, composition is formed. For films deposited in the present study, the RF
power, pressure and temperature in the reactor were 20W, 1 Torr, and 300°C
respectively. For this study, the composition of SRO films was controlled by varying
the flow rate of N,O whilst holding that of SiH4 content. The flow rates of the various

gases and the corresponding film compositions are listed in Table 2.1'"). The hydrogen



content is not given explicitly here as it is a volatile component of the film and varies

with annealing temperature, as discussed in Chapter3.

Reactor chamber

Figure 2.1: The schematic diagram of the PECVD system */.

Table 2.1: Flow rates used to produce the various SRO films.

Matenial N>O flow rate | SiH; flow rate | NH; flow rate
(sccm) (scem) (sccm)
S105 13Ngos:H 700 160 0
SiOLNNo.zS:H 75 160 0
Si0|.|(,No_32:H 50 160 0
SiOo_stojsiH 35 160 0
SiOo,(,_qNo_.u:H 25 160 0

2.1.2 lon implantation

lon-irradiation and doping of films and nanostructures were carried out using either the

ANU 175kV ion implanter or the ANU

1.7MV tandem accelerator (National

electrostatics corporation, USA, SSDH-4). Figure 2.2 shows a schematic diagram of the

5SDH-4.



The accelerator is equipped with a SNICS (source of negative ions by cesium
sputtering) ion source, and can produce a large variety of negative ion beams from solid
cathodes. In the source chamber, cesium is heated to form a vapour which is then
ionized to form Cs' ions. These ions are accelerated towards the tip of the negative
biased cathode, where they sputter the cathode material. In our study, pressed powder of
Si, Au, and Er;O; were used as sources of Si, Au, and Er (ErO) ions respectively. The
sputtered ions are extracted through the centre of the ionizer, focused, and accelerated
towards the mass analyzing magnet. lons with a specific mass-to-charge ratio are
selected for implantation using the 90° magnet and the beam is then focused and steered
before injection into the high voltage accelerator. This accelerator is a tandem
accelerator of “pelletron™ design. The negatively charged ions entering the high voltage
column are accelerated towards a positive terminal at the centre of the tank. At the
terminal, negative ions are partially stripped of electrons and converted to positive ions
by passing them through a nitrogen charge-exchange cell. The resulting beam of
positive ions is then accelerated from the terminal towards the ground potential at the
end of the column. The beam is then filtered with a 15° switching magnet, focused and
steered. Finally, the electrostatic scanning system ensures that ions are uniformly
distributed across a Ta aperture in front of the sample. The implanted ion density is
determined from the projected aperture area and the integrated ion charge collected
from the sample, and has an uncertainty of = 5 %. All implantations were performed at
room temperature and pressure < 5 x 107 Torr. A liquid-nitrogen cooled shield was
used to minimize hydrocarbon contamination on the sample and crystalline samples
were tilted by 7° with respect to the incident beam direction to reduce channeling
effects. The concentration depth profiles of the implanted ion species were calculated

using Stopping and Range of lons in Matter (SRIM) Monte-Carlo simulations"”’. The



principle and operation of the 175kV ion implanter are similar to the injection stage of

the SSDH-4 accelerator (Figure 2.3).

Accelerator
Tank and

High Voltage Beam-Defining
Terminal Quadrupole

Figure 2.3: ANU 5SDH-4 accelerator.

2.1.3 Sputter system

Sputtering techniques (ATC 2400 UHV) were used to deposit thin films of material
onto the sample surface. Figure 2.4 shows a schematic diagram of the ATC 2400 UHV.
In the sputter system, ions in a gaseous plasma created by a 13.56 MHz generator are
concentrated by magnets onto the source material. The source material is eroded via

energy transfer from the arriving ions and ejected in the form of neutral particles —



either as individual atoms, clusters of atoms or molecules. These ejected neutral
particles travel in a straight line and deposit on a substrate placed in their path to form a
thin film of the source material. The sputter deposition rate is a function of sputter yield
of the material, the power density of ions striking the target and nature of the power
source (eg. RF or DC). In our study, materials such as Si (RF), Au (DC), Ni (DC) and
Er (RF) were deposited on silica, silicon, and the surface of nanowires at normal

pressure of 4 mille Torr in an inert Ar environment with a total gas flow of 20 scem.

Gate value

=}
Load-lock chamber

Moving arm

4 >

FXYe

T s
LJi Lal}kcl_sourcr j ” =
LF [ﬂ_‘j ! Turbo pump
‘i e |
DC/RF connector

Figure 2.4: A schematic diagram of the ATC 2400 UHV",

2.1.4 Thermal annealing

Thermal annealing was used extensively in this project to study hydrogen loss and
changes in the mechanical properties of SRO films, and to grow, modify and
functionalize various nanostructures. Appropriate annealing times and temperatures
were required for each of these results. Thermal annealing was carried out in a
conventional horizontal single-zone quartz-tube furnace (Lindberg 1500°C) under

flowing Ar, N,, and O, gas. The gas was passed through a moisture-absorbing filter
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before entering the furnace. When being placed in the tube, the samples were usually in
a quartz boat pushed slowly into a pre-heated furnace using a quartz rod. Depending on
the temperature this typically occurred over a period of 15-30 seconds. The samples
were removed from the furnace tube by slowly pulling them from the hot-zone of the

furnace. This also took 15-30 seconds, depending on the temperature.

2.2 Sample imaging

The surface morphology of the samples was investigated using an optical microscope

and scanning and transmission electron microscopes (SEM and TEM).

2.2.1 Scanning Electron Microscopy

Most SEM images were obtained using a Hitachi S4300 Schottky Field Emission SEM
equipped with an energy dispersive x-ray detector (INCA Energy 350 EDXA system)
with an accelerating voltage of ~5-10kV and a working distance of ~5-15mm. In some
cases, a Hitachi S4500 Field Emission SEM was also used for imaging of selected
samples. Imaging was performed in both secondary electron and backscattered electron
modes. The latter provides high atomic-number contrast and was used to clearly
distinguish the spatial distribution of heavy elements, such as Au and Er, in silica

matrices. The technique is described in detail in standard textbooks').

2.2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy was performed using a Philips CM 300 TEM
operating at an accelerating voltage of 300kV. Standard bright-field and dark-field
conditions as well as diffraction patterns were used in our study. The TEM was also
equipped with an energy dispersive x-ray detector (EDAX detecting unit) for

quantitative analysis of the sample.



For preparing cross-sectional TEM samples of nanowires, a novel XTEM sample
preparation method using epoxy resin was employed. As-grown nanowires with or
without a substrate were infiltrated under vacuum with a vacuum compatible epoxy
resin. The cured resin block was then set up in a Reichert Ultracut Microtome equipped
with a Diatome diamond knife. This was used to cut thin sections of materials from the
sample surface without contacting the silicon substrate. Sections were cut at
approximately 70nm thickness and then mounted on 200 mesh perforated carbon

support grids.

2.2.3 Dual beam Focused Ion beam

Cross-sectional SEM images of thin film cracks and some XTEM sample preparation
was performed on the XT Nova Nanolab 200 dual-beam focused ion beam (FIB) system
at the Electron Microscope Unit of the University of New South Wales. lon milling
was performed with a 30 keV Ga' ion beam and imaging performed in secondary
electron mode. A schematic of the milling process is shown in Figure 2.5. Before
milling, a platinum thin film was deposited on the surface of the sample to protect it

from incidental ion milling damage.

Cracks ition
Cutting position ,
/
/
/
/ :
/ Eucentric 7
7 ais N/ {
: - /
A% . *_/ Cross section / Triple point
P e / of crack
y € i"ﬂe‘suifa_gel/ development

Figure 2.5: A schematic illustration of the dual beam Focused Ion Beam process.
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2.3 Other sample characterization techniques

A range of other sample characterization techniques was employed as part of this study.
Many of these are discussed in detail elsewhere. The main purpose of this section is to
identify the instruments used for particular measurements so that the capabilities and

limitations of the techniques can be assessed.

2.3.1 Nanoindentation

The hardness and reduced elastic modulus of thin films was measured using a Hysitron
Tribo Indenter (sec Figure 2.6) at the ANU. The measurements were performed using
three-sided pyramidal (Berkovich) tips and the data extracted from the elastic response

. ~ . 6
region of the force vs penetration-depth measurement'®),

Figure 2.6: Image of Hysitron Tribo indenter'”.

2.3.2 Heavy-lon Elastic Recoil Detection

The composition of silicon-rich oxide films, including the hydrogen content, was
determined by Heavy-lon Elastic Recoil Detection (HI-ERDA, National Heavy lon
Facility at the ANU™) using a custom designed position-sensitive gas-ionization
1)

. 9. . = .
detector, as detailed elsewhere' The analysis was performed with 200MeV gold

primary ions.

1
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Figure 2.7: Image of Heavy-lon Elastic Recoil Detection (HI-ERDA, National Heavy
lon Facility at the ANU).

2.3.3 Stress measurement

The thin film stress was determined from wafer curvature measurements using the

Stoney equation!'?!

e e e e
- ()(l_‘,,‘),’(RI =) 2D

Where o is the stress in the film, £ and v, are the substrate’s modulus of elasticity and
Poisson ratio, 7, and #, are the thickness of the substrate and the film, and R; and R, are

the radius of curvature for the stressed and unstressed wafer.
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Figure 2.8: A schematic diagram of a shear plate''*! and image of resulting diffraction
g g £

pattern.

Curvature measurements were made using an optical shear plate to create an
interference pattern between a reference beam and light reflected from the sample

surface, as shown in Figure 2.8.

For a set of plane waves incident on the shear plate, the interference fringes spacing (d),
laser wavelength (1), index of the shear plate (n), and the angle of the fringes (a) are
related by:

d= 4

2na
And the wavefront radius on the screen will be given by:

Sd
Asin(a)
Where S is the ‘shear’ (the distance between the two images) and the fringe spacing is
measured perpendicular to the fringe direction using the radius of curvature R of the

reflected wavefront. The radius of curvature of the sample Rgmpe can then be

determined by:

13



=2(RtL) (24)

sample
where L is the distance between the sample and the screen. The positive sign indicates a
diverging beam (concave sample) while the negative sign is a converging beam (convex

sample).

2.3.4 Photoluminescence

. 4
Photoluminescence mcasurcmcnts“ ]

were performed on nanowire samples to study
intrinsic (defect-related) luminescence and Er-based luminescence. Measurements were
performed on a custom built instrument, as shown in Figure 2.9. An Ar ion laser
operating at 488nm was used as the excitation source and luminescence emission was
analyzed with a Triax 320 spectrometer equipped with a high-sensitivity liquid-nitrogen
cooled germanium detector (for infra-red wavelengths). The excitation laser was

mechanically chopped at 15Hz and standard lock-in amplifier techniques were

employed to collect the spectra.

r.=7-2 Chopper

Semple Collection Optics

Beam stop

Figure 2.9: A schematic diagram of the PL system.

14



2.3.5 Optical absorption spectroscopy (Cary-5000 system)

Optical absorption spectroscopy (Cary-5000) was used to study the optical absorption

characteristics of nanowires and hybrid nanowire/metal structures. Measurements were

performed on a Cary-5000 system using a R928 photomultiplier tube to detect visible

and UV light as well as a cooled PbS photocell for near infra-red measurement. The

system was used in both reflection and transmission mode over the wavelength range

300 to 1200nm.
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Chapter 3
Mechanical properties of silicon rich oxide films

and their applications

This chapter presents data on the mechanical properties of SiO(N,:H films, which are
one type of SRO film, and their use as materials for non-volatile memory applications
and as active substrates for nanowire growth. This work was undertaken as an
extension of earlier studies and does not attempt to present a detailed investigation of
SiONy:H films but rather to report some of the more significant supplementary results
that came out of this work. The results on nanowire growth were unexpected and laid
the foundation for the main work reported in this thesis. This is presented in Chapters 4

and 5.

3.1 Introduction

Dielectric thin films are employed extensively in modem microelectronic,
optoelectronic, photonic and micro-electromechanical devices where they are variously
used as insulating layers, waveguides, mirrors and mechanical components such as
beams and membranes''*. The most commonly used deposition technique for such
films is Plasma-enhanced chemical vapour deposition (PECVD) and depending on
deposition conditions, such as wafer temperature, gas flow ratios, radio frequency (RF)
and RF power, and chamber pressure, the mechanical properties of thin films can be
controlled. In general, it is accepted that these films may include several impurities
such as hydrogen and nitrogen diluted into SiHs plasma’®’. As deposited films typically
exhibit compressive stress, which is detrimental for the preparation of large area

(6]

devices'”. The fabrication of devices and structures also often requires thermal
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processing of the films which can lead to changes in mechanical properties of the films'”
¥ In extreme cases these changes can lead to film failure by delamination or cracking.

. . . . . 9
Various cracking mechanisms have been studied by Hutchinson and Suo™ '’

In
general, the driving force for crack propagation is the elastic energy reduction
associated with the crack and the crack resistance is the energy needed to advance the
crack. When the energy released by crack propagation is less than the resistance, no
cracks propagate in the film. On the other hand, if the energy release is larger than the
crack resistance, cracks nucleated at a flaw will propagate in the film. For cracks which
extend through the film thickness only and leave the interface and substrate intact, the
crack propagates laterally in the film after reaching the interface, until it reaches a film
edge or another flaw or crack. However, depending on the film stress and the
mechanical properties of the film and substrate, the crack may penetrate into the

substrate or bifurcate onto the interface (interface debonding), as shown in Figure 3.1

a) b)
4 i
Film ___\/-* Film 0,
Substrate Substrate Substrate

Figure 3.1: a) a film cracking, b) substrate penetration, and c) interface debonding''”).

Clearly, knowledge of the thermal stability and material properties of dielectric thin
films and their connection with the electrical properties and the evolution of structures
are very important for their practical use. Silicon rich oxide (SRO) film have been
extensively studied and characterized due to their potential use in optical and electrical
applicationsl3 114 These films are also often used as passivation layers and intermetal
level dielectrics and are widely used in microelectronic devices, such as dynamic and

static random access memories, CMOS transistors' > '”). Such films are often deposited
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by plasma enhanced chemical vapor deposition (PECVD) because this process offers
ready control of the film composition, good adhesion to the substrate, and low-densities

of deposition defects.

Metal Nanocrystal

Control oxide

Tunnel oxide 4»

Si substrate

R el

Figure 3.2: Energy band diagram for an embedded metal induced nanocrystal between

a control oxide and a tunnel oxide (d.is the effective potential well depth).

Depending on the deposition conditions, SRO films include impurities such as hydrogen
and nitrogen. The excess Si in the film plays an important role in determining its

(21,22

electrical properties including charge trappinglm' and carrier transportation I It can
also be used to produce silicon nanocrystals (Si-NCs) in the film by high temperature
annealing'®”. In this process, the deposited homogeneous SRO film is changed to a
biphasic material, in which Si-NCs are dispersed in an amorphous matrix'**. Metal-
insulator-silicon (MIS) structures containing semiconducting NCs embedded in
dielectric materials have been of particular interest with regard to their potential use in
electronic devices such as single electron transistors and non volatile memory devices'™™
*l_ In such devices, where floating gates are not electrically continuous but distributed
into NCs, charge loss through lateral paths is suppressed so that, contrary to the
standard floating gate flash electrically erasable programmable read-only memories,

very small tunneling oxide thickness and low voltage operation can be used®”). SRO

films are the most compatible material in which Si-NCs as well as metal induced
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nanocrystals (M-NCs) can be contained. The memory effect of M-NCs was found to be
more pronounced than those of the semiconductor NCs. The M-NCs memory devices
possess several advantages such as stronger coupling with the conduction channel, a
wide range of available work functions, and bigger density of states around the Fermi
level and smaller perturbation due to carrier confinement**). The following sections

present an overview of the mechanical properties of SRO films and their applications.

3.2 Experimental details

Different crystallographically orientated Si wafers and thermally grown SiO, with
different thickness (2~180nm) were employed as substrates for thin film deposition.
Thin SiONy:H films were deposited on each particular substrate by PECVD using an
Oxford Instruments Plasmalab 80 system. SiHj4 (diluted to 5% with hydrogen) was
used as a gas source of silicon and N>O was used as a source of oxygen. Other process
conditions were kept constant: | Torr process pressure, 300°C substrate temperature,
and 20W RF power. The composition of the films was varied by controlling the ratio of
the SiH4 and N,O gases. This was achieved by holding the SiHy flow rate at a fixed

value of 160 sccm and varying the N>O flow rate between 25-710 scem.

Heavy ion elastic recoil detection (HI-ERD) was employed to measure the composition
of films, including the hydrogen content. These measurements were undertaken with
200 MeV Au primary ions produced by the 14UD pelletron accelerator at the Australian
National University. The composition of as-deposited films is shown in Table 3.1 for

different N,O flow rates.

After deposition, samples were annealed at temperatures in the range from 400 to

1100°C using a quartz-tube furnace with N, ambient for lhour. The effect of ion-
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implantation on film failure was assessed by irradiation of selected samples over half
their area with 400 keV Si’ ions prior to annealing and comparing the crack behaviors
between implanted and unimplanted regions. All annealed samples were examined by
optical microscopy and/or scanning electron microscopy (SEM) and selected samples
were examined in cross section using an FEI Dualbeam FIB system. The 3-dimensional
optical profile of surface structure and roughness of the selected sample was performed

on selected samples by optical profiler (Wyko NT9100 Optical profiling system).

Table 3.1: Composition of the materials as determined by heavy ion ERD.

Material ) [Si] (0] [N] [H]
(sccm) (at %) (at %) (at %) (at %)

Si03.13Ngos:H 710 26.6 56.6 1.3 15.2
Siol,.a:No‘:sIH 75 29.1 41.4 10.5 18.8
Si0|,|6No,32:H 50 30.7 35.6 11.4 22.1
Si0g gsNo3s:H 35 35.2 29.8 10.4 244
S100.6sNp 44:H 25 37.2 24.0 10.6 27.9

Hardness testing was performed with a Hysitron Tribolndenter using three-sided
pyramid (Berkovich) tips. The film stress was calculated from wafer curvature
measurements using the Stoney equation””. High-frequency C-V measurements were
performed by using an Agilent 4284A C-V meter with a frequency of IMHz and a

modulation signal amplitude of 100mV.

For metal induced nanostructures, nickel with a thickness of 10nm was deposited on
SRO films and subsequently annealed in the furnace system at 800, 900, and 1100°C
with N, ambient for | hour. Cross-sectional TEM images of metal induced structures
were acquired in bright-field mode using a Philips CM300 FEI microscope and 300keV

electrons. The chemical composition was analyzed by energy dispersive x-ray
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spectroscopy (EDX) using an energy dispersive spectrometer attached to the TEM

instrument.

3.3 Experimental results

3.3.1 Film stress, hardness and hydrogen content

E 0.6 i
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Figure 3.3: Stress evolution as a function of annealing temperature for a 1.2um thick
S10;16No32:H film deposited onto (100) Si by Plasma-enhanced chemical vapour
deposition (PECVD) with the substrate heated to 300°C. Measurements were performed
in situ as the sample was heated in air and data are shown for two complete heating and

cooling, as indicated by the arrows.

Figure 3.3 shows the film stress in a 1.2 um thick SiO; 16Ng32:H film deposited onto
(100) Si during in-situ annealing in air at temperatures in the range from room
temperature to 650°C. The as-deposited film exhibits a compressive stress of around
90MPa at room temperature. As the annealing temperature increases above 300°C
(deposition temperature), the compressive stress decreases and at higher temperatures
becomes increasingly tensile. The maximum tensile stress of approximately 1GPa is

reached at an annealing temperature of 650°C. Once annealed to this temperature,
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relatively small and reversible changes of stress were consistently induced by the
cooling and heating cycle of the sample due to differential expansion and contraction of
the film and substrate. The increase in tensile stress reported in figure 3.3 is correlated
with a loss of hydrogen from the film, up to 30 atomic percent of that which was
unavoidably incorporated in the film during PECVD deposition (Table 3.1). Similar

results have previously been reported and attributed to hydrogen release during network

reordering"*"*"/,
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Figure 3.4: a) Hydrogen concentration and b) hardness of a SiO; j¢Ng1::H film as a
function of annealing temperature. Samples annealed in a quartz tube furnace with a

flowing N> ambient.
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Figure 3.4 shows the hydrogen concentration and hardness of a S0 1¢Ng12:H film as a
function of annealing temperature. The data in Fig. 3.4 a) shows that hydrogen desorbs
from the film over the temperature range 350-650°C. Comparison with the data in Fig.
3.4 b) shows that this is correlated with an increase in the hardness of the film, from
around 6 to 12 GPa, over the same temperature range. As the hardness is directly
related to the density of the film, this shows that network reordering, and the associated
hydrogen release, are correlated with densification of the film. It should however be
noted that additional processes such as elastoplastic flow*! are expected to contribute
to densification above about 850°C. Similar behaviour is observed for other SiON,:H
films, although the magnitude of the stresses varies with composition. Clearly, accurate
modeling of this behaviour could be used to predict particular states of stress, including

the processing conditions required to produce zero-stress films.

3.3.2 Film failure and substrate damage

Figure 3.5: The optical micrographs show typical crack patterns for two distinct modes

of crack propagation; straight and oscillating cracks.

The high levels of tensile stress observed in films annealed at temperatures around 500-
600°C can result in film failure and damage to the Si substrate. The resulting cracks are
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also found to have a complex morphology that depends on the film thickness and
sample structure. As an example, Figure 3.5 shows an optical micrograph of the crack
patterns observed in a 1.2um SiO) 16Ng12:H layer deposited onto a (100) Si substrate
after annealing to 1100°C. Two distinct crack propagation modes are observed: (a)
straight cracks propagating parallel to <001> directions in the Si substrate and (b)
oscillating cracks, a novel mode of propagation, parallel to the <011> orientation in the
Si substrate. The oscillating cracks are particularly interesting as they propagate over
centimetre distances with near-constant period and amplitude. As the oscillation period
is of the order of 100pum, this represents hundreds of oscillation cycles, indicative of a
highly stable mode of crack propagation. Moreover, the fact that oscillating cracks
propagate between straight cracks suggests that the latter form first, i.c. at lower tensile
stress (lower annealing temperatures), and that the oscillating cracks form only at

relatively high tensile stresses (higher annealing temperatures).

Figure 3.6: The optical profiler image of the dislocation network formed in the silicon

substrate by the tensile stress in a SiO, 6Ny 32:H layer after annealing at 1100°C.
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Closer examination of the sample surface reveals a network of other defects residing
between the cracks, as shown in Figure 3.6. This image from an optical profiler shows
dense network of linear features running parallel to the <011> directions of the silicon
substrate. This pattern is characteristic of misfit dislocations in the silicon substrate
(The principal slip system in silicon is in the <110> direction on (111) planes) and is
believe to result from the high tensile stress in the SiO; 16Ng32:H film and its strong
adhesion to the silicon substrate. Such defects do not form at room temperature, where
Si is essentially elastic, but are commonly observed during annealing of Si/GeSi
strained-layer heterostructures and during the oxidation of silicon where the stresses are
similar to those studied here. (Silicon nitride films were found to delaminate, rather

than crack, as a consequence of their poorer adhesion).

Despite their excellent adhesion, once cracked, SRO films delaminate in the presence of
water vapour ™ **). Susceptible samples left in a laboratory atmosphere undergo such
delamination over a period of several days, with the films delaminating from the edge of

the cracks.

3.3.3 Phase diagram of crack formation

The stability of films and the mode of crack propagation were found to be a sensitive
function of the film composition, thickness and annealing temperature. Figure 3.7
summarizes the general modes of crack propagation observed in SiO) ;6Noi2:H and
S10034No3:H films as a function of film thickness and annealing time. The data for
Si0; 16No32:H films (Figure 3.7 a)) shows that no cracks are observed in films with a
thickness of less than 0.6um or for any thickness film annealed at less than 450°C for 1
hour. In contrast, only straight cracks are observed in films with thicknesses between

0.6 ~ 1.1um when annealed above 450°C, while both straight and oscillating cracks are
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exhibited in the films with thicknesses between 1.1 ~ 1.4um when heated to

temperatures above 550°C.

a) wool ... . T
1200:- .: : : : ’ Straight and wavy crac‘ks 1
"'e * 0

E 1000:‘ i: : : S.traight cracks o:lly : -
g 800? -o o0 B ]
g 600} B T e s
E 400’. No crack : 4
200 e e = 2R

0 A 1 A Il A 1 A 1 A 1
200 400 600 800 1000 1200

Annealing Temperature ‘'C)

b) 1400 —_——— s
1200 2 = = : =
o 1000 n L - . ’ -
E - ' & . 4
£ 800k '. Straight and wavy crac$
3 | E - B B .
2 600} 3 Straight cracks only -
E‘ 400l e U Bl gl
= 200 I No crack |
0 1

0 200 400 600 800 1000
Annealing Temperature ("C)

Figure 3.7: Phase diagram of crack formation depending on film thickness and
annealing temperature a) SiO; 14Ng32:H film and b) SiOgssNg 3:H film (Rectangular: no

crack, circle: straight crack, and triangle: straight and wavy crack).

The data for the SiOg 4N 3:H films (figure 3.7 b), is slightly more scattered but both
straight and oscillating cracks are observed in the films with thicknesses between 0.75

~1.25um when annealed above 600°C. As the film stress increases with increasing
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film thickness and increasing annealing temperature it can be concluded from the data
in Fig. 3.7 that the propagation of oscillating cracks requires higher stress than that

required for the propagation of straight.

3.3.4 Substrate orientation dependence

Figure 3.8: Optical microscopy images of crack formation on 1.2 pm thickness
Si0, 16No32:H films onto a) (110) oriented Si and b) (111) oriented Si substrate after
annealing at 600°C in N; for lhour.

As discussed in the previous section, the mode of crack propagation depends on the film
thickness and processing temperature. Because the two modes of crack propagation are
aligned with specific crystallographic directions in the silicon substrate they are also
expected to depend on the crystallographic orientation of the substrate. Figure 3.8
shows optical microscopy images of crack formations in 1.2um SiO; ;6No32:H films
deposited onto (110) and (111) oriented substrates after annealing at 600°C in N, for
lhour. In contrast to films on (100)-oriented Si, only straight cracks are exhibited in
both samples. i. e. No oscillating cracks are observed for these samples. The images
show that straight cracks propagate in [001] and [011] directions on (110)-oriented Si
and in [211] directions in films on (111)-oriented Si. These observations are consistent

with previous results for xerogel silica films on silicon in which similarly oriented
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cracks were observed”’). They are also roughly consistent with the fact that cracks are
expected to propagate perpendicular to the direction of minimum plane-strain elastic
modulus which suggests that they should propagate along [110] directions on (100)
silicon, along [001] and [110] directions on (110) silicon, and along no particular

direction on (111) silicon®. In fact, cracks run along the <112> directions on (111)

silicon.

3.3.5 The morphology of cracks

SiOy 16Ngas: film

Crack in film

Pt

o Crack in substrate

' ~ Flaw
™ Si substrate
o Dislocation

Figure 3.9: a) cross-sectional TEM image of straight crack and b) cross-sectional SEM
image (produced by Focused lon Beam) of oscillating crack propagated on 1.2um
thickness S10; 16Np12:H films onto (100) oriented Si after annealing at 600°C in N; for

1 hour.

As discussed above, SRO films deposited onto (100) substrates exhibit two distinct
crack propagation modes: straight cracks aligned along [001] directions and oscillating
cracks aligned along [011] directions. Fig. 3.9 shows cross-sectional TEM (straight)
and SEM (oscillating) images of cracks produced by a 1.2 um SiO, 4Ny 32 film after
annealing at 600°C in N for 1 hour. Note that these samples were prepared using a
Focused lon Beam (FIB) system, and Pt was used to protect the sample surface. This
partially fills the cracks giving rise to the bright contrast in the SEM image. These

images reveal that the both cracks extend through the film and into the underlying Si
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substrate where they follow crystallographic directions. The TEM image also reveals

the presence of extended defects in the vicinity of the crack.
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Figure 3.10: Cross-sectional SEM images of an oscillating crack at various positions
(indicated by the rectangles) along the crack. Included schematic illustration shows the

major crystallographic directions corresponding to the cross-sectional SEM images.

The oscillating cracks show more complex behaviour, as shown in Figure 3.10. Three
cross-sectional SEM images taken at various positions along the crack length show that
the orientation of the substrate-crack changes along its length. These sections clearly
show that the orientation of the substrate crack oscillates between two extreme
directions as the in-plane orientation of the crack propagates through half a period.
Specifically, the substrate crack oscillates between two symmetric <112> directions
(cracks on (111) planes) as the surface crack oscillates about a <011> direction. This
complex structure is particularly intriguing given that <011>/(111) is a common slip
system in silicon and that it represents a standard cleaving geometry along which linear
cracks are known to propagate. Further details of this structure have been presented in

reference”).
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3.3.6 The effect of a buffer layer between film and substrate
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Figure 3.11: The phase diagram of straight and oscillating cracks on 1.2 pm
Si10, 16No32:H film depending on buffer layer thickness after annealing at 600°C in N,

for lhour.

Figure 3.12: Optical microscopy images of SiO; 14N 32 film after 1100°C for lhour
with SiO; buffer layer of a) 7nm thickness and b) 50nm thickness between film and

substrate.

The propagation of cracks into the substrate clearly influences their form. In order to
investigate this interaction, a thermal SiO; layer was added as a buffer layer between the
SRO film and the Si substrate to decouple the film from the substrate. Figure 3.11

shows the phase diagram of crack formation in a SiO; ;¢Ng32:H film thickness as a
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function of SiO; buffer layer thickness. The samples were annealed at 600 C in N for 1
hour. Both straight and oscillating cracks are observed in SRO films with thicknesses
of more than 1.2um and SiO; thicknesses of less than 50nm. Only straight cracks are
observed in SRO films with thicknesses of less than Ium, regardless of the thickness of
the SiO; layer. Finally, unoriented “mud-crack™ patterns were observed for thick (~1
um) SRO films separated from the substrate by buffer layers with thicknesses around
180nm. In this case the SRO film is effectively decoupled from the substrate and crack

propagation is not influenced by the substrate crystallography.

Interestingly, the wavelength and amplitude of oscillating cracks was found to depend
on the thickness of the buffer layer, as shown in figure 3.12 (buffer layer with (a) 7nm
and (b) 50nm thickness). These results are summarized in Fig. 3.13 which shows that
both the wavelength and the amplitude of the oscillating cracks increase with increasing
buffer layer thickness. The mechanism by which oscillating cracks propagate remains
unclear but it is interesting to note that the increase in wavelength exhibits a t'2

dependence on the buffer layer thickness, t.
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Figure 3.13: a) Wavelength and b) amplitude of oscillating cracks as a function of

thickness of SiO; buffer layer.

3.3.7 The effect of ion irradiation

lon irradiation is known that affect the stress in thin films and to improve the adhesion

(40)

between films and substrates As a check of whether these effects influence the

formation of cracks in SRO films, a 1.2um thick SiO 1¢Ng32:H film was deposited onto
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(100) Si and part of it was irradiated with 400 keV Si' ions to a fluence of 1 x 10'®cm™.
Figure 3.14 shows an optical microscopy image of the interface area between implanted
(left) and the unimplanted area (right) after annealing at 600°C in N> for | hour. The
implanted area clearly has a lower density of cracks and less delamination than the
unimplanted film. The crack density and extent of delamination decrease with
increasing implant fluence. This is consistent with a reduction in residual stress as
previously reported for ion-irradiated a-Si:H films deposited by PECVD™". Ion-

irradiation therefore provides a means of reducing film failure.

Implanted area . o : d area

Figure 3.14: Typical optical microscopy image of the interface between Si’ implanted

area (left) and unimplanted area (right) in Si0, 14Ny 12 film after annealed at 600°C.

3.4 Properties and applications of SRO films

3.4.1 C-V measurement of SRO film

Silicon-oxynitrides are employed in non-volatile memory devices to trap and store
charge. The charge traps correspond to defect centres within the dielectric layer and can
store the charge for in excess of 10 years. The SRO films employed in the current study

also contain significant amounts of nitrogen, as well as hydrogen. The hydrogen

[41,42)

desorption kinetics , shown in Figure 3.4 a), suggests that much of the hydrogen is
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tightly bonded to Si, O or N. Its release should therefore introduce defect centres within
the SRO film and it should be possible to control the density of such defects by
controlling the H release. To test this hypothesis, C-V measurements were performed

on samples annealed to different temperatures.
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Figure 3.15: The capacitance-voltage (C-V) hysteresis of SRO film annealed at various
temperature (0~650°C) after bidirectional sweeps and windows voltages of measured
hysteresis verse annealing temperature (inset). Note: Window voltage means FWHM of

the measured hysteresis loop.

Figure 3.15 shows normalized capacitance-voltage (C-V) hysteresis curves for a 1.2 pm
thick SiO, 1¢Ng32:H film annealed at different temperatures up to 650°C. All measured
C-V curves are shifted to negative voltages due to the high fixed positive charge in the
film. Indeed, it is well known that silicon oxide/nitride films deposited by PECVD for

passivation contain high densities of positive charge!****),

However additional charge
trapping and detrapped is evident from the magnitude of the hysteresis during the
successive voltage sweeps. From the data in Figure 3.15, little or no additional trapping

is observed for the as-grown film during voltage sweeps in the range from 0V to -25V
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and back to OV. However, after annealing there is a significant positive shift of the flat-
band voltage (Vy) and an increase in the hysteresis width of the C-V characteristics.
This data is consistent with the annealing of fixed-charge traps and the generation of
new traps that can readily be charged and discharged during C-V voltage sweeps'** *’.
The density of the latter increases with increasing annealing temperature, for
temperatures in the range 350 - 650°C and is well correlated with hydrogen release
kinetics. This suggests that the increase in hysteresis is due to the trapping of charge at
defects generated by hydrogen loss. It is worth noting that the observed hysteresis arises

from electron injection from a deep inversion layer in the substrate and holes injection

from a deep accumulation layer in the substrate.

The behaviour for samples annealed at 1100°C is shown in figure 3.16. In this case, the
C-V characteristics show a greater positive shift of Vg, and the decrease of hysteresis
width compared with samples annealed at 650°C. At this temperature, hydrogen is
completely released and significant annealing of the resulting defects is expected. It is
also possible that the SRO film has undergone some phase separation during annealing
at 1100°C. This can produce small Si nanocrystallites within the film that act as charge

trap 5148,49)

These results demonstrate that the density of charge traps can be controlled by thermal

annealing and that these traps are likely produced by H desorption from the film"*"° ",
This conclusion is supported by previous studies of hydrogen passivation and
depassivation of Si dangling-bond defects which clearly demonstrated that defects are

(52, 53]

produced by the H desorption process
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Figure 3.16: The capacitance-voltage (C-V) hysteresis of SRO film annealed at various
temperature (0~1100°C) after bidirectional sweeps and windows voltages of measured

hysteresis verse annealing temperature (inset).

3.4.2 Metal induced nanocrystals

As mentioned in the introduction, the charge trapping effect of NCs contained in SRO
films is of use for non-volatile memory applications and is more stable and faster than
conventional film devices””. Moreover, discrete charge storage can be applied in
special applications such as single electron transistors (SET) and non-volatile memory
devices'” . However, instead of semiconducting (Si or Ge) NCs, metallic (Au, Ag, Pt,
and Co) NCs have been extensively investigated due to their additional advantages such
as high work functions, low temperature process, easy control of position, etc!****,
Here we examine a relatively simple process for producing metal-based nanocrystals in

a SRO film. Namely, a metal film is deposited on a SRO film and heated to diffuse the

metal into the film where it is expected to react with excess Si to form metal-silicide
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nanocrystals. This is not possible for SiO; films due to the low diffusivity and
solubility of metals in SiO,. But the silicon-rich composition of the current films

rovides a possible route to achieving this aim.
£

-}-‘

Energy (kev]
Figure 3.17: Cross-sectional TEM images of a) SiO; 16N 32:H film and b) thermal SiO,
film with Ni after annealing at 1100°C for 1 hour in N; ambient and EDX spectrum of

each sample (inset denude zone).

Figure 3.17 shows cross-sectional TEM images of a SiO; 16Ng32:H film and a thermal
Si0; film coated with Ni and annealed at 1100°C for 1h in a N> ambient. Nanocrystals
are clearly observed in the SRO film but not in the SiO; film, as anticipated above. For
the SiO;16Np32:H film, the Metal-NCs are distributed within the middle region of the
film, with none observed in the region between the surface and a depth of about 30nm.
This denuded region likely results from the competition between diffusion-limited
reactions between Si and Ni and the concomitant formation of a SiO; surface layer from
which Ni is excluded™*). An EDX spectrum confirms the presence of Ni based NCs in

the middle region and the lack of Ni near the surface. The denuded surface layer can be
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exploited as a control oxide (tunneling barrier) in a MIS memory device. According to
previous research”™), depending on annealing temperature, Ni forms various stable
silicide phases such as Ni;Si (below 350°C), NiSi (at 350~750°C), and NiSi; (over

750°C). In our study, M-NCs were synthesized by annealing at a temperature of 1100°C,

where the stable phase is expected to be nickel disilicide (NiSi,).

Figure 3.18: Cross-sectional TEM images of SiO, 14Ny 32:H film with Ni after annealing
at a) 800°C, b) 900°C, and ¢) 1100°C for | hour in N, ambient.

Figure 3.18 shows M-NCs fabricated in the SiO;6Np3:H film as a function of
annealing temperatures at a) 800, b) 900, and c) 1100°C, respectively. The mean
diameter of the M-NCs clearly depends on the annealing temperature, with the average
diameter being ~3.3nm at 800°C, ~13.7nm at 900°C, and ~20.5nm at 1100°C.

Thermal processing of metal coated SRO films clearly provides a simple alternative
route to the fabrication of nanocrystal-based thin-film structures. The size of the
nanocrystals can be controlled by the annealing temperature, and a surface denuded

zone can be formed under appropriate annealing conditions.

3.4.3 Nanowire growth with metal as catalyst

During the above study it was found that SRO films with high Si content produced
additional surface features. For example, Figure 3.19 shows the surface of

Si0y16Noa2:H and SiOg6sNpas:H films coated with 10 nm of Ni after annealing at
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1100°C in N> ambient. The surface of the S10; 16Ng32:H film 1s coated with Ni-based
particles but the SiOgsNgsa:H film is covered with a relatively low density of one-
dimensional nanowires. According to previous studies’”*’, metals, including Ni and
Au, can be used to grow one-dimensional nanostructures such as nanowires or

nanotubes, and Ni has been used as a catalyst to grow silicon oxide nanowires on silicon

[60,

substrates'® ®". The high Si content of the Si0g¢sNg.44:H films is believed to facilitate a

similar process in this case. Also, it is known that oxide decomposition is enhanced by

[62

Ni at high temperature | These observations stimulated a more detailed study of

nanowire growth and this work forms the basis of chapters 4 and 5 of this thesis.

Figure 3.19: SEM images of the surface of Ni evaporated on a) SiO 14Ny 32:H and b)

S10¢ 6sNg 44:H film after the annealing process.

3.5 Summary

This chapter has reported on mechanical properties of PECVD deposited silicon-rich-
oxide films and surveyed potential applications of such films. Specifically, these films
were shown to develop high tensile stress during annealing at temperatures up to 650°C,
an effect that was shown to be correlated with an increase in hardness and a loss of
hydrogen. For sufficiently thick films and high annealing temperatures, the stress is

sufficient to cause film failure by cracking, and two distinct modes of crack propagation
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were reported for films on a (100) Si substrate: Straight cracks propagating along [100]
directions in the underlying silicon substrate or oscillating cracks propagating along
[110] directions in the underlying substrate. The wavelength and amplitude of
oscillating cracks was modified by the addition of a SiO; buffer layer, and ion

irradiation was shown to reduce the density of cracks.

Three specific applications of SRO films were surveyed. The first examined charge
trapping in thin SRO films and showed that the concentration of programmable charge
traps was correlated with hydrogen release. The second showed that metal-based
nanocrystals could be formed within SRO layers by direct thermal reaction with a
deposited metal layer and that under certain annealing conditions this reaction could
produce a thin surface layer devoid of nanocrystals. The final study showed that thin
metal films deposited onto SRO films with high Si content could produce one-
dimensional nanostructures when annealed at elevated temperatures. This final

observation provided the basis for the work outlined in the following chapters.
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Chapter 4

Growth and control of silica nanowires

Amorphous sub-stoichometric silica (SiO,) nanowires can be grown on silicon
substrates by coating the substrate with a thin metal film and annealing it in Ar or N, at
temperatures above 1000°C. Such nanowires can also be grown on silica substrates in
situations where a silicon wafer is placed in close proximity to the silica substrate.
These are unexpected results as there is no obvious vapour-phase source of oxygen or
silicon to facilitate such growth (the vapour pressure of silicon at 1100°C is too low to
account for the observed growth). This chapter examines the mechanisms responsible
for nanowire growth and explores the affect of processing conditions on the properties

and resulting structure of the nanowires.

4.1 Introduction

Silica nanostructures are of great interest for applications that exploit both the intrinsic
properties of silica (i.e. optically transparent, chemically inert and biocompatible) and
the large surface-to-volume fraction of nanostructured materials such as environmental
and biological sensing. Such applications are further enhanced by the fact that silica is a
suitable host for optically active impurities, such as trivalent Er. In optically-doped
nanostructures the dopant ions are always close to a surface due to the small physical
dimensions of the structure. The optical transition rate is therefore expected to be
particularly sensitive to the state of the surface and its neighbouring environment. It is
not surprising therefore that there has been intense interest in recent years in the growth

of silica nanostructures, including the growth of one-dimensional silica nanowires'" */

and nanotubes'™ ¥,
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Figure 4.1: Schematic diagram showing the growth mechanism of the Vapour-Liquid-

Solid process.

Nanowires can be grown with the aid of metal catalyst particles in which case the
mechanism is designated by the state [solid(S), liquid(L), gas(G)] of the source, catalyst
and nanowire, respectivelyls'sl. Thus a vapour-liquid-solid (VLS) process, such as that
illustrated in Fig. 4.1, involves a gaseous source of reactants, a liquid metal-alloy
catalyst and a solid nanowire. In this case the catalyst absorbs gas-phase reactants
becoming supersaturated with respect to the precipitation of a secondary phase. Once
nucleated, these precipitates grow into wires as the catalyst continues to absorb and
transport reactants from the gas phase. During VLS growth, gas-phase reactants can
also deposit on the side walls of the nanowires resulting in lateral growth, as illustrated

in Fig. 4.1.

During nanowire growth the catalyst particle can either ‘ride’ on top of the growing
wire (float growth) or remain in contact with the substrate, in which case the wire
extends from it (root growth), as shown in Fig. 4.2. The size-distribution and density of
the resulting nanowires are determined largely by those of the catalyst particles.
However, this relationship is not a simple one because the metal catalyst reacts with the
substrate and source gases to form eutectic or mixed phases prior to nanowire

nucleation and depending on its size can nucleate one-or more nanowires (1.e. single or
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multiprong growth,see Fig. 4.2). The mode of growth (i.e. root or float) also depends
on the choice of catalyst metal and has important implications for the final structure and

form of the nanowires.

R
Float growth Root growth

¢) d) l . |
Single prong Multiprong

Figure 4.2: Different growth process modes (after Kolasinski”).

Yu et all'l. first reported the large scale synthesis of silica nanowires using laser ablation
of silica and silicon in the presence of a metallic Fe catalyst to promote growth via a
VLS mechanism. Since then many alternative fabrication methods have been
reported”"”"'?). In the catalyst-based methods, several different metal catalysts have been
utilized, including Au'"* "), Nil"!, Fe!'”! and Pd'"®). At the same time, there have been
efforts to understand the nanowire growth mechanism, with different catalyst and non-
catalyst models proposed and indentified, such as vapour-liquid-solid (VLS)""!, vapour-
solid-solid (VSS)!"”, oxide-assisted growth (OAG)™” and solid-liquid-solid (SLS)"*".
The VLS mechanism, first proposed by Wagner et al.”? for the growth of silicon
nanowires in the early 1960s, is widely employed to grow nanowires and has recently
been unambiguously demonstrated for silica nanowires by direct observation with in-

situ TEM by Wu et al.”*?).
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Control over nanowire growth is an important requirement for future nanotechnology
devices because the physical structure and chemical properties of nanowires are
critically affected by diameter, length, atomic composition and nanowire density'****',
Consequently, various methods based on the VLS mechanism have been introduced and
developed to synthesize nanowires. The diameter of nanowires is dependent on many
factors, including the catalyst/substrate combination, process gases, growth temperature,
or combinations of these parameters. Critically, the nanowire diameter is also directly
related to the size of the metal seed particles”®”. For example, Wu et al. report that
nanowires with very small diameter sizes can be grown by using well-defined Au
nanoparticles as the catalyst'z‘”. Silica substrates with small diameter pores have also

been used for the nucleation and growth of nanowires”* %,

Silica nanowires and silica/silicon core-shell nanowires can also be formed by the

oxidation of silicon nanowires”" *'}

. Unlike silica nanowires grown directly on silicon,
those derived from silicon nanowires reflect the crystallographic orientation of the latter.
It has been observed that the preferred orientation of silicon nanowires is correlated
with their diameter, with larger nanowires exhibiting a stronger preference for particular
directions'** *?). The crystal orientation of the substrate is also critical for determining
the growth direction of these nanowires. Ge et al.”*) demonstrated orientation-controlled
growth of silicon nanowires on silicon (100), (110), and (111) substrates. The lateral
distribution of nanowires can also be controlled by the designated positioning of metal
catalyst particles and lithography and molecular beam epitaxy techniques have been
used to grow nanowires at specific sites”’. The growth of vertically and laterally
aligned nanowire arrays were reported by Yang et al™. Hyper-branched structure of
nanowires have also been synthesized by using Au particles on a prefabricated nanowire

backbone!*®!.
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4.2 Experimental details

The substrates investigated in this study include p-type silicon wafers of (100), (110)
and (111) orientation and fused silica slides (for comparison); coated with a 100nm
thick thermal SiO; layer or a 100nm thick silicon-rich-oxide (SiO;,6Ng32:H) film

deposited by PECVD.

Metal catalyst particles were formed by three different approaches: 1) the islanding of
thin Gold (Au) or Nickel (Ni) films deposited onto substrates by thermal evaporation or
sputter deposition; 2) Au ion-implantation into (100) Si substrates employing 30keV
Au’ ions (projected range ~20nm) implanted at fluences of 6x10", 1x10", 3x10",
1x10", 3x10'® ions/cm?’; and 3) Au colloids with diameters of 5, 10, 30, 50nm deposited
using a poly-L-Lysine solution. This solution possesses a polar structure with positive
surface charges to immobilize the Au colloidal particles and prevent coalescence. It

evaporates during the annealing process and thus does not affect the resulting nanowire

growth.

Samples were annealed in a fused-silica tube furnace at temperatures between 800 and
1100°C for various times between 5 minutes and 2 hours. During annealing the furnace
was purged with flowing N, Ar, O, or forming (5% hydrogen in 95% Nitrogen) gas
with a flow rate of 100 scem; or in air (open ended tube). When being placed in the tube,
the samples were in a quartz boat pushed slowly into a pre-heated furnace using a quartz
rod. Also, the samples were pulled slowly out from the tube while the furnace preserved

the heating temperature.

The structure and morphology of the samples, catalyst-particles and resulting nanowires

were studied by scanning electron microscopy (SEM) [Hitachi field-emission scanning
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microscope S-4300 (FE-SEM) equipped with energy dispersive X-ray (EDX) detector
and backscattering detector] and high-resolution transmission election microscopy
(HRTEM) [Philips CM300 FEI microscope with Schottky field emission gun operating
at 300kV] fitted with energy dispersive spectroscopy (EDS) [Oxford Instrument EDX]

&

detector.

4.3 Experimental result

4.3.1 Nanowire growth — general observations
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Figure 4.3: SEM images of a) Au-Si islands on Si after annealing at 900°C and b) the

observation of phase separation in bigger Au-Si alloy droplets (backscattering image).

The annealing behavior of a 10nm Au film on (100) silicon serves as a useful model
system for studying silica nanowire growth. During annealing to temperatures up to
1000°C in a N ambient the deposited film breaks up into small islands and reacts with

the silicon substrate to form Au-Si cutectic alloys.

Figure 4.3 a) shows SEM images of Au-Si islands on the surface of a Si substrate after
annealing a (100) Si wafer with a 10nm surface layer of Au below 1000°C. Au forms a
low melting-point (363°C) eutectic-alloy with silicon and during annealing at higher

temperatures, reacts with the silicon to form molten alloy droplets. These droplets have
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a broad size distribution, with individual particles ranging in size from around 10nm to
lum. Upon cooling to room temperature the alloy particles undergo phase separation
into silicon-rich and gold-rich phases, as shown in Fig. 4.3b). These electron
backscattering images are particularly well suited to distinguishing between high and
low atomic number elements, with the high atomic number element appearing bright
and the low atomic number element appearing dark. Interestingly, the smaller Au
droplets are observed as single bright object, and an effect that is attributed to the fact

that all of the Si from the liquid eutectic has precipitated onto the substrate surface

(37]

during solidification

Figure 4.4: SEM image of silica nanowires grown on Si after annealing at 1100°C in

N gas for 1 hour.

Samples annealed at temperatures above 1000°C have a completely different appearance
and structure. The samples appear white under ambient lighting conditions and SEM
analysis confirms that they are coated with a dense array of amorphous silica nanowires,
as shown in Fig. 44. The diameters of the nanowires range from 50nm to 2um and
their lengths are in excess of a few hundred pm. This behavior is observed for samples

after annealing in both N; and Ar.

49



In order to investigate the chemical composition and growth mode of these nanowires,
cross-sectional backscattered electron images and EDX analysis were performed. The
samples were cleaved to reveal cross-sectional views of the nanowire layer and analysed
with 10 kV electrons. Figure 4.5 a) shows an overall view of the layer illustrating the
random growth direction of the wires and the presence of Au located proximal to the
root of the wires near the substrate. Imaging and EDX analysis of the head(b), stem(c)
and root(d) regions of the layer show that nanowires have a composition of SiO, with x
close to 1.8, and that Au remains at the stem of the nanowires (1.e. at the substrate
interface). No EDX signal of Au was observed on the head or on the sidewalls of
nanowires. This clearly shows that Root Growth is the dominant growth mechanism in
this case. Interestingly, the interface between the Si substrate and nanowires is

observed to be very rough. An explanation for this etching-like behavior is provided in

section 4.4.3.

Figure 4.5: a) cross sectional backscattering image, b) head, ¢) stem, and d) root of

silica nanowires and EDX analysis, respectively.
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Figure 4.6: HRTEM image and amorphous nature of the electron diffraction (inset) of

nanowires grown on Si after annealing at 1100°C in N, for lhour.

Microstructural analysis of the nanowires using high-resolution transmission electron
microscopy (HRTEM), as shown in Fig. 4.6, shows that the nanowires are amorphous
silica. 1.e. No fringe-patterns indicative of crystalline Si were observed inside the
nanowires and electron diffraction (inset) showed a typical amorphous ring pattern.
Interestingly, HRTEM also reveals that the surface morphology of the wires is relatively

rough on the 5-10nm scale as seen in Fig. 4.6.

In summary, annealing metal (The work presented here was for Au-coated Si but similar
results were observed for Ni, Pt and Pd coated Si) coated silicon at temperatures above
about 1000°C in N, or Ar can produce dense arrays of amorphous silicon-rich silica
(S10; ) nanowires via a root-growth mechanism. It remains to identify the mechanism

for growth and the source of the silicon and oxygen reactants.

4.3.2. Growth mechanisms of silica nanowires
The growth of silica nanowires during furnace annealing without any additional process

gas (e.g. SiHy) has variously been attributed to VLS* ¥ SLS!" or catalyst-free growth
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OAG"” mechanisms. For VLS growth, the source of oxygen has been assumed to
come from decomposition of the native oxide, or from contamination of the annealing
ambient with O, or H>O. Similarly, the source of silicon has variously been assumed to
derive from direct dissolution of the Si substrate; evaporation from the substrate;
decomposition of the native oxide in the form of SiO; or SiO vapour; and from a
reaction between residual oxygen and silicon in the form of SiO or SiO> vapour. These

possibilities are summarized below:

A: Oxygen

» Oxygen derives from the native oxide on the Si wafer in the form of O,, SiO; or

Si0.

* Oxygen derives from the annealing ambient as a low concentration contaminant.
B: Silicon

* Si derives from the substrate by direct dissolution

» Si derives from the substrate by direct evaporation

* Si derives from the native oxide of the Si wafer in the form of Si0; or S10

* Si derives from the substrate via a reaction between residual oxygen or water

vapour and Si in the form of SiO or Si0; vapour.

Note: The furnace tube was ruled out as a source of silicon and oxygen because it is
manufactured by melting naturally occurring quartz crystals of high purity at

approximately 2000°C, which does not easily decompose.

4.3.3 Source of oxygen

[40]

It is well known'™" that annealing a thin oxide layer on Si film will form gaseous SiO

vapour at temperatures above 800°C, according to the reaction:
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Sil\l * Si():hp — 2Si0(g)

Figure 4.7: SEM image of the etching circles on Si wafer placed on top of Au coated

wafer during annealing at 1100°C in N; for lhour.

This reaction is often heterogeneous, beginning at defects and proceeding radically by
decomposition at the exposed SiO,/Si interface. This leads to circular etch patterns
within the native oxide, as shown in Fig 4.7. This image is from a silicon wafer placed
on top of a metal coated wafer during annealing at 1100°C in N, for lhour. The

presence of metal is expected to enhance such reactions.

However, due to its limited thickness of about 2~5nm, the native oxide on Si cannot
provide volatile SiO in sufficient quantities to account for the observed volume of
nanowires. This is confirmed by a simple calculation. i.e. A native oxide of thickness
Snm and bulk density (6.6x10” atomscm™) contains around 2.2 x 10'® (oxygen
atom.cm”). By comparison, the number of oxygen atoms in a typical nanowire layer of
thickness 200um and 1% volume density is around 1.0x10" (atom.cm?). For a 10%
volume fraction, which is closer to that observed, this increases to around 1.0x10%
(atom.cm™). This suggests that the amount of oxygen contained within the nanowires is

between 10° and 10" times the amount available from the native oxide so the native

oxide is therefore not the primary source of oxygen.
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Figure 4.8: SEM images of the resulting morphologies on the Si substrate with metal
catalysts after annealing at 1100°C for lhour in a) nitrogen (or argon), b) forming gas

(5% hydrogen in nitrogen), ¢) oxygen, and d) air ambient.

Nanowire growth based on direct reactions with oxygen might reasonably be expected
to exhibit reaction rates that are proportional to the oxygen concentration. To test this
scenario, samples were annealed in nitrogen, forming gas, oxygen and air. Figure 4.8
shows SEM images of the samples after annealing. These show that nanowires formed
on samples annealed in nitrogen (a) and forming gas (b) but not on samples annealed in
air (c) or pure oxygen (d). Clearly, too much oxygen inhibits the reaction responsible

for nanowire growth.

With this evidence, a detailed review of the oxidation kinetics of silicon revealed the
fact that the dominant oxidation reactions depend strongly on oxygen partial pressure.

This is evident from early work by Gelain*'!, who showed that the reactions between



silicon and oxygen fall into two distinct regimes: At low oxygen partial pressures the
dominant reaction is:

251+ 02 — 2810

While at high oxygen partial pressures it is:

Si + 0= Si0;

The former results in etching of the silicon substrate and produces volatile SiO, while
the latter produces a passivating layer of SiO; on silicon. The temperature/partial-

pressure phase-space for these two reactions is shown in Fig. 4.9.

Reference to the manufacturer’s specifications for the annealing gases employed in the
present study show that they typically contain up to 3-10 ppm of O; and H;O. This is
shown as an effective partial pressure in Fig. 4.9 a) and, significantly, corresponds to a
critical temperature of around 1000°C for the transition between the two reactions. i.e.
For temperatures above 1000°C the reaction between silicon and the residual oxygen is
expected to etch the silicon substrate and produce volatile SiO vapour, while at
temperatures below 1000°C it is expected to produce a passivating SiO, layer.
Annealing in pure oxygen or air is similarly expected to produce a passivating SiO;
layer. Figure 4.9 a) show a graph (left) of oxygen pressure as a function of annealing
temperature plotted by C. Gelain*" and J.J. Lander'*” et. al and SEM images (right) of
samples annealed at different temperature b) 800, ¢) 900, d) 1000, and ¢) 1100°C.

Clearly, nanowire growth coincides with the regime in which SiO vapour is produced.
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Figure 4.9: a) Oxygen pressure vs annealing temperature plotted by C. Gelain*" and

J.J. Lander'* et. al and SEM images of samples annealed at b) 800, ¢) 900, d) 1000,
and e) 1100°C.

These observations lead to the conclusion that residual oxygen or water vapour at the 3-
10 ppm level is crucial for the observed nanowire growth. This conclusion is further

supported by evidence presented in the following section.
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4.3.4 Source of Si

A: Metal-coated silicon wafers

As discussed above the source of silicon can derive from: a) direct dissolution of the Si
substrate; b) evaporation from the substrate; ¢) decomposition of the native oxide in the
form of SiO; or Si0 vapour; or d) from a reaction with residual oxygen to produce SiO
vapour. Direct dissolution of the silicon substrate has already been demonstrated, as
shown in Fig. 4.3, and is expected to be a significant source of silicon during root
growth of nanowires. However, a catalyst particle in contact with the silicon substrate
will continuously dissolve and deposit silicon from the substrate to maintain an
equilibrium concentration. Such processes will not lead to nanowire growth as there is
no driving force for the precipitation of new phases. This can only be achieved by an
additional vapour-phase source of silicon where the driving force is provided by the free

energy difference between the vapour and condensed phases of Si/Si0,.

1400 1300 1200 1100 1000 900 (°C)
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Figure 4.10: Equilibrium vapor pressures of silicon and its oxides (after Suzuki et all“%h),

A study by Suzuki et al"*”! has shown that the vapour pressure of Si is two orders of

magnitude lower than that of SiO over the temperature range employed for nanowire
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growth, as shown in Fig. 4.10. They have further shown that square etch pits are
formed on the surface of silicon during reaction with oxygen at low partial pressures.

This suggests that the reaction between silicon and residual oxygen can produce

significant quantities of SiO.

Figure 4.11: a) A cross-sectional SEM image of the nanowire-silicon interface before
delamination (interface indicated by red box), b) SEM image of the Si substrate after the
spontaneous delamination of the nanowire film, ¢) an SEM image of the top (free)
surface of a self-supporting film, and d) an SEM image of the substrate-side of the

delaminated nanowire film.

Such pitting is also observed in the current study and in extreme cases can lead to
spontaneous delamination of a nanowire film, as discussed in more detail in secton 5.3.1.
The substrate etching at the interface between the substrate and the growing nanowires
1s clearly evident in Figs. 4.11 a) and 4.11 b). Figure 4.11 ¢) and d) show to top and
bottom surfaces of the nanowire film for comparison. These observations are
consistentwith a model in which residual oxygen acts to etch the silicon substrate and
form SiO vapour.
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B: Metal-coated silica substrate

In order to confirm the role and origin of SiO in nanowire growth, a silica sample was
coated with 10nm Au and annealed at 1100°C in a N, environment for | hour (the same
annealing conditions used to grow nanowires previously on a Si substrate). No
nanowires were observed, but Au islands were formed on the silica surface, as seen in
Figure 4.12 a). The same sample was then annealed with a Si capping layer, (silica
sample placed face (Au side) down on a (100) silicon wafer to provide a direct Si source
during the annealing process). In this case silica nanowires were observed on the silica,
as shown in Figure 4.12 b). These nanowires were distinctly different to those grown
on silicon substrates in that they form by a float growth mechanism' (i.e. the catalyst
particle resides at the tip of the nanowire). This is evident from the SEM image of Fig.
4.12 ¢) and inset EDX spectrum that clearly shows Au particles located on the tips of
the nanowires'”. In addition, the nanowires tended to be tapered, shorter and thinner
than those grown on silicon, with lengths typically less than 1um and diameters ranging

from 50 nm to 200 nm.

Significantly, Fig. 4.12 d) shows that the surface of the Si capping layer was heavily
etched during nanowire growth. This is consistent with the work reported by Suzuki et
al“” and supports a model in which nanowire growth is mediated by SiO vapour
produced via the reaction between silicon and oxygen at low partial pressures. Etching
of the silicon capping wafer also appears to be enhanced by the presence of the metallic
catalyst as bare wafers annealed under similar conditions did not exhibit significant
etching. The presence of Au on the capping wafer was confirmed by SEM imaging and
is also evident from the presence of low concentrations of nanowires on the capping

wafer surface, as shown in Fig. 4.12 d).  This Au is assumed to evaporate from the

silica substrate and deposit on the capping wafer during annealing at 1100°C. Au is
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likely to enhance SiO production because it is known to act as catalyst for the oxidation

i . 43
of Si surfaces'**/.

Sum

500nm Sum

Figure 4.12: a) SEM image of Au particles on silica after annealing, b) SEM image of
silica nanowires grown on silica substrate after annealing with Si capping layer, ¢)
Backscattering image of silica nanowires grown on silica substrate after annealing with
Si capping layer (inset EDX analysis) and d) SEM image of surface of Si capping layer

after annealing.

The above data suggests that silicon dissolution from the substrate and vapour-phase
SiO from a reaction between the silicon substrate and oxygen present at low partial
pressures in the annealing ambient are the primary sources of silicon for nanowire

growth.
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4.3.5 Proposed growth mechanism of silica nanowires

The proposed nanowire growth mechanism is summarized schematically below with
reference to Fig. 4.13.  The discussion concentrates on the typical mode of growth

observed in each case. Other variants are discussed in more detail in the latter part of

this chapter.
Au layer Au layer
d ) —
Au-Si alloy particles
0, - Siliconcappinglayer
Az = ( Si nanoshcll_ l : 02 Bz Au pmiclc 0,
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Figure 4.13: Schematic drawing of silica nanowires on Si (Al—A2—A3—A4) and
Silica with capping layer (Bl —-B2—B3—B4).
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A: Silicon substrate (no capping layer)
1) The deposition of gold on silicon produces a uniform, continuous thin film of gold

across the silicon surface (Fig 4.13 Al).

2) During annealing the gold film breaks up into small islands and reacts with the
silicon substrate to form Au-Si alloy droplets. Above the eutectic temperature (363°C)
the droplets are molten and have a temperature-dependent composition as determined
from the Au-Si phase diagram (Fig 4.14). At 1100°C this composition is approximately
42% Au: 58% Si. The volume of eutectic particles is larger than that of the initial gold
particles due to the dissolution of silicon and may have a thin silicon-rich outer shell"**
“I_ The particles have a flattened hemispherical shape due to the small contact angle
(0,) between the alloy and silicon (Fig 4.13 A2). In the absence of gas-phase reactants

the liquid Au:Si eutectic particles continuously dissolve and redeposit silicon at the

point of contact with the substrate to maintain their equilibrium composition.

1500
13004 58% Si: 42% Au
100
[
* ] I
5 I
;" '
|
2
5001 H
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200 1 18.6% I
I
100 * + t + —t 0 . .
) 20 40 ] 80 100
atamic percent siicon

Figure 4.14: A Au:Si phase diagram.
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3) The presence of Au on silicon enhances the reaction between silicon and the residual
oxygen that is present in the annealing ambient at concentrations of ~3-10 ppm. At
temperatures above ~1000°C this results in etching of the silicon substrate via the
reaction 2Si+0; — 2Si0 and produces SiO vapour. [Although some SiO vapour is
produced from decomposition of native oxide on Si (SiO)+Si) = 2Si0(,)), much
more SiO vapour is produced via the reaction of Si and O (2Si+O;) — 2S10y,) at
high temperatures with low concentrations of oxygen.]. The vapour pressure of SiO is
much higher than either Si or SiO, and is the dominant vapour source under the

annealing conditions employed for nanowire growth (Fig 4.13 A3).

4) The liquid Au:Si eutectic particles now absorb SiO and O, vapour from the gas phase
as well as exchanging Si with the substrate. This ultimately leads to the nucleation and
growth of SiOy nanowires and their extension from the droplet via a root-growth
process (Fig 4.13 A4). The atomistic mechanisms for these processes remain unclear
but some general conclusions can be drawn from the data. First, the fact that wires
grow out of the catalyst particle suggests that growth occurs from the catalyst surface
rather than from the catalyst-substrate interface. [Indeed, a SiO; precipitate formed
within the catalyst would rapidly be expelled from it due to the high surface energy
between Au and Si0,.] The nucleation of SiO; is expected to proceed either directly by
a reaction such as 2Si0O+0; — 2SiO; or indirectly by the oxidation of a Si precipitate

that may form within a silicon-rich surface layer on the catalyst particle.
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* Muliprong Growth

Silica nanowire

o > 2Si04 + Oygy = SiO, ()

Figure 4.15: SEM image of multiprong mode of silica nanowires and schematic

drawing(R>>r).

When the diameter (R) of an alloy particle is much larger than the diameter (r) of
nanowires in the root growth mode, there is a high probability for more than one
nucleation event to occur. Figure 4.15 shows an example of multiprong growth mode

and a schematic drawing of such growth.

B: Silica substrate (with silicon capping layer)
1) The deposition of gold on silicon produces a uniform, continuous thin film of gold

across the silicon surface (Fig 4.13 Bl)

2) During annealing the Au film breaks up to form relatively small Au islands with
large contact angle (05) (Fig 4.13 B2). As the temperature exceeds 1000°C the reaction
between the Si capping layer and residual oxygen produces SiO vapour according the
reaction described above. Note that this is further facilitated by the evaporation of some

Au from the silica substrate onto the capping layer.

3) The gas-phase reactants (SiO and O;) are absorbed by the Au particles, which at

1100°C are molten (NB: The Au melting temperature is 1063°C). The concentration of



the reactants builds up in the catalyst particle until it exceeds the solubility of a
condensed phase, at which point the solution is metastable with respect to the nucleation
and growth of this phase. In this case the particle is in contact with a Si0; substrate and

the reactants can grow SiOy on this substrate without a nucleation step (Fig 4.13 B3).

4) Condensation of SiO, at the catalyst-substrate interface forms the base of a SiO,
nanowire and the structure continues to grow by the absorption of gas-phase reactants
and their transport to the interface. In this case the catalyst particle maintains its
position at the tip of the growing wire and growth is via float growth. This mode of
growth leads to a more direct correlation between the size of the catalyst particle and the
nanowire diameter, and because the nanowires are anchors at the substrate they tend to

be straighter and more regularly aligned (Fig 4.13 B4).

C: More general effects

It is important to note that the nanowire growth mode can be influenced by the source
and concentration of the gas-phase reactants, with both root and float growth induced on
silicon or silica substrates under appropriate growth conditions. For example, float
growth is observed during nanowire growth on a Si substrate when it is annealed with a
Si capping layer. In this case, both the substrate and capping layer act as sources of SiO
and the concentration of residual O, between them is reduced by their physical
proximity. Similarly, root growth can be induced on silica substrates by varying the
spacing between the substrate and capping layer. This suggests that the dominant
nucleation mechanism is sensitive to the concentration and/or concentration gradient of

the gas phase reactants. These effects will be explored further in the next section.
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4.4 Controlling the growth of nanowires
This section examines the relationship between experimental parameters and nanowire

growth.

4.4.1 Growth temperature and time

A: Temperature dependence

1 ()1 7 pe— e

Figure 4.16: SEM images of 10nm Au on Si after annealing at a) 1000°C, b) 1050°C,
and ¢) 1100°C in N> ambient.

The annealing temperature is a parameter that is expected to have a direct effect on the
growth of nanowires. In particular, it will affect the Au:Si eutectic composition and the
reaction rates for SiO production and nanowire growth. From an experimental
perspective the range of temperatures investigated in this study was limited to a
relatively narrow range between 1000 — 1100°C as nanowires do not form below
1000°C and 1100°C is an upper working limit for fused silica annealing tubes. None-
the-less, significant temperature effects were observed, as shown in Figure 4.16. This
shows SEM images of a 10nm Au layer on (100) Si substrates after annealing at a)
1000°C, b) 1050°C, and c) 1100°C. No nanowire growth was observed at temperatures
at or lower than 1000°C. Although no formal statistical observation of the diameter of
the nanowires was undertaken in this case, comparison of the images b) and c¢) clearly
indicate a smaller average diameter and lower density of nanowires grown at 1050°C

than is the case after annealing at 1100°C. This effect is most like a result of the increase
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. . e . 46 .y . . . oo .
in SiO concentration'*®! as the composition is little different over this temperature range.

This conclusion is further supported by the time dependence reported below.

B: Time dependence

Figure 4.17: SEM images of 10nm Au on Si after annealing at 1100°C for a) 20 min, b)

40 min, and ¢) 120 min.

a)
E 1000 T Y T Y T ™ T
et - »
g 2y ]
N ke

.‘: 80 - d » ¢ -
: F

700 = R
s L}
= % -
= 800 b MZL\ 4
- -
< 0 - 1 Y
.
& w} | .
3 T
E xof ! ] .
= . :
S o} | | 4
= i Min o
z 100 b 1 ys2x107em s 4
- ol—i A " " L . "

0 2 40 & 80 100 120

Annealing time (min)

Figure 4.18: a) Diameter of nanowires as a function of annealing time and b) schematic

illustration of lateral growth.

The annealing time is another critical factor involved in controlling nanowire growth.
Figure 4.17 shows SEM images of nanowires after an annealing time of a) 20, b) 40,
and c) 120 minutes. As shown in Figure 4.18 a), the diameter of the nanowires increases
linearly with increasing annealing time (note: error bars were determined based on the
standard deviation from mean diameter of nanowires). Clearly, the nanowires are
undergoing lateral growth that must involve adsorption of SiO vapour onto the

nanowire surfaces. As the average stoichiometry of the nanowires is ~SiO, g this must
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involve a process in which SiO vapour is adsorbed and reacted chemically with O,
directly on the nanowire surface via a reaction such as: 2510 + O, — 2S10,. The exact
stoichiometry of the deposited layer will depend on the efficiency of this reaction and it
is plausible that the nanowires have a stoichiometric core (SiO;) (due to the near
equilibrium growth conditions in the liquid eutectic catalyst particle) and non-
stoichiometric shell (SiOy) (due to the incomplete reaction between the adsorbed SiO

and residual oxygen), as shown schematically in Figure 4.18 b).

The linear dependence of the nanowire diameter on annealing time is consistent with
such a mechanism. For example, for a cylindrical nanowire exposed to a fixed
concentration of vapour, the rate of change of volume can be written as: dV/dt=yA/p, y
is the atomic (or molecular) flux deposited onto the cylinder surface (in cem>s™),
A=2mnrl is the approximate surface area of the cylinder, with r the radius and | the length
of the cylinder, and p is the atomic (molecular) density of the deposited film (atoms.cm’
*). Since the volume of the cylinder is V=ar’l, the change in the nanowire radius is:
r=2yt/p. i.e. a linear increase with time, as observed. A linear fit to the data in Fig. 4.18

yields a value for y of around 2x10"¢m *s ' or around 0.1 monolayer per second.

4.4.2 Catalyst formation and the different methods of catalyst

preparation

A: Catalyst formation

During the VLS growth mechanism, the metal catalyst plays a critical role in the
nucleation and growth of nanowires. In addition, Morales et al*”) have shown a direct
correlation between the diameter of the nanowires and the size of the seeding particles.

In order to understand the relationship between alloy particles and nanowire growth,
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three different experimental procedures for introducing the Au catalyst were employed:

deposited Au films, ion-implanted Au, and colloidal particles.

L —— . 2um

Figure 4.19: SEM images of Au-Si islands after annealing at 900°C depending on
formation of Au a) sputtered (10nm thick), b) implanted (3x 10" jon/cm’ dose), ¢)

colloidal particles (30nm size).

Figure 4.19 shows SEM images of Au-Si islands formed on Si after annealing at 900°C
for each of these methods; a) sputtered, b) implanted, and c) colloidal particles. As
explained previously, no nanowire growth i1s expected at this temperature as there is no
Si0 vapour produced. The size distributions of the particles is clearly very different for
each of these cases, reflecting the different amounts of gold available and different
formation and coarsening processes. For the sputtered Au films, Au-Si catalyst particles
form by islanding and reaction with the silicon substrate, exhibit both very large and
very small particles as a direct consequence of their high surface mobility and
coarsening (Ostwald ripening) effects”®”). In the case of the Au implanted samples, the
volume of Au-Si islands is controlled by the implant fluence and is typically much
lower than that available by thin film deposition. During annealing, the implanted Au is
segregated to the Si surface and reacts with the silicon to form Au:Si eutectic particles
where they remain relatively immobile, thus creating a uniform coverage of small
particles””). In regard to the colloidal Au catalyst, the coverage is very low and the

particle size distribution is predetermined by the colloid preparation. During annealing
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there is little interaction between the colloid particles, partly because they are so dilute

and partly because a lysine layer is used to initially pin the particles on the surface.

_{()ul“ e 2500y —
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Figure 4.20: SEM images of nanowires after annealing at 1100°C depending on
formation of Au a) sputtered (10nm thick), b) implanted (3x10" jon/cm’ dose), ¢)

colloidal particles (30nm size).

Figure 4.20 shows SEM images of nanowires produced on the samples after annealing
at 1100°C. Clearly, each of the prepared samples exhibits its own distinctive Au-Si

island formation and corresponding nanowire coverage.

B: Sputtered Au thickness

As discussed above, the density and size distribution of nanowires depend on the
method employed for introducing catalyst formation. Sekhar et al®® have previously
shown that the thickness of a deposited Pt catalyst can be used to control the density of
silica nanowires, and Elechiguerra et al**! have reported the growth of denser arrays of
thinner nanowires with increasing catalyst layer thickness (using PUAu catalysts). In
order to investigate such effects in the current study, samples were prepared with
different Au thicknesses, ranging from 0.1 to 20nm. Samples were then annealed at

900°C and 1100°C to study the size of catalyst particles and resulting nanowires.
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Figure 4.21: Plots of a) mean size of alloy particles versus Au layer thickness after
annealing at 900°C, and b) mean diameter of nanowires versus Au layer thickness after

annealing at 1100°C.
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Figure 4.22: Au-Si alloy formed after annealing at 900°C with a) Snm Au and b) 10nm

Au film on Si.

Figure 4.21 shows the mean size of the alloy particles as a function of Au layer
thickness and also the mean diameter of nanowires as a function of Au layer thickness.
The vertical bars at each point represent the maximum and minimum diameter of
nanowires. As the thickness of the Au layer increases, the mean diameter of the alloy
particles initially increases and then saturates at ~250nm for layers between 10 and
20nm. However, it is difficult to compare the different distributions with a single
statistic due to the large variation in size and changes to bi- and tri-modal distributions
(see figure 4.22). Such a comparison is best done by comparing the histograms in Fig
4.23. All such analysis show that increasing the layer thickness increases the maximum

size of the particles obtained during annealing.

In contrast, the mean diameter of nanowires grown from these samples first increases
and then decreases with Au thickness, although again the distributions are complex and
the maximum diameter of nanowires generally increases (see figure 4.24). This
observation can be explained by different growth modes of the nanowires and is directly
related to the size of alloy particle(s). As discussed previously, the probability for
multiprong growth increases with increasing particle size. As an extreme example,

Figure 4.25 b) shows multiple wires growing from a single large catalyst particle. In
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this case the wire diameters are a small fraction of the particle diameter. This is stark
contrast to the wire shown in Fig. 4.25 a) which represents single-prong growth of a
nanowire. Because the thicker Au layers produce larger catalyst particles, the fraction
of nanowires produced by multiprong growth will also increase with film thickness. As
these wires are typically much thinner than those produced by single prong growth, the

average nanowire diameter will decrease.
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Figure 4.23: Histogram showing the size distribution of Au-Si alloy particles as a

function of Au film thickness.
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Figure 4.24: Silica nanowires grown after annealing at 1100°C with a) Snm Au and b)

10nm Au film.

SO0N M m— 300N —

Figure 4.25: SEM images of a) single mode and b) multiprong mode growth of

nanowires.

C: Implanted Au fluence and colloid Au size
For comparison, similar measurements were performed as a function of implant fluence
for Au-implanted silicon samples, and as a function of Au colloid diameter in the case

of colloidal-deposition.
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Figure 4.26: Plots of a) mean size of alloy particles versus implanted Au fluence and b)

mean diameter of nanowires versus implanted Au fluence.

Figure 4.26 shows: a) mean Au-Si catalyst size and b) mean diameter of nanowires as a
function of a implanted Au fluence onto (100) Si samples. As for the studies above, the

catalyst particles were formed by annealing at 900°C for | hour and nanowires were
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synthesized by annealing at 1100°C for 1 hour, both in a flowing N> ambient.
Comparison with the thin film data reveals some important similarities and distinct
differences, again largely related to details of the catalyst size distribution. In this
context it should be noted that an implant fluence of 3x10'® Au.cm? is equivalent to a
~5nm thick thin-film in terms of total Au content. Taking this into account, a
comparison of the mean catalyst particle sizes shows that they are similar to within
about 20-30% (except for the lowest fluence implant where the difference is a little
higher). In contrast, the mean nanowire diameter is much larger (4-5 times) at the
lowest fluences than for the equivalent thin film samples, and appears to saturate at a
diameter similar to that observed for thicker deposited films. Moreover, over the range
of interest, the mean nanowire diameter decrcases with increasing fluence while
increasing with increasing deposited film thickness. The reason for these differences
remains unresolved but they mainly occur for films with very low equivalent thickness
where the density of catalyst particles is extremely low. Under these circumstances it is
possible that the catalyst particles undergo additional coarsening between 900 and
1100°C and that this occurs preferentially for the implanted samples due to a higher
surface mobility of eutectic particles in this case. In these samples Au is pre-mixed
with Si and is segregated to the silicon surface as a thin layer of eutectic, whereas Au
films undergo islanding and react locally with the Si substrate to form eutectic particles.
The latter produces a slight depression under the eutectic particles which tends to reduce

their mobility. Further work is required to resolve this issue.
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Figure 4.27: Plots of a) mean size of alloy particles versus colloid Au diameter and b)

mean diameter of nanowires versus Au colloids.

The situation for colloidal Au particles is summarized in Fig. 4.27. In this case the
colloidal particles have a uniform size distribution and are sufficiently dilute that they
do not interact. After annealing at 900°C the size of Au colloidal particles increases

slightly due to alloying with Si, as shown in Fig. 4.27 a). This is due to particles
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adsorbing additional Si from the Si substrate and because of changes in shape associated
with changes in wetting behaviour (contact angle)”’”. The size of the corresponding
nanowires after annealing at 1100°C is shown in Figure 4.27 b). In this case the size of
the nanowires show no clear trend with particle size, although there is a factor of ~2.3
between the mean nanowire diameters of the smallest and largest catalyst particles
compared to a factor of ~3.5 for the corresponding catalyst particles. In this context we
note that correlations of the type presented here are fraught with difficulties. For
example, the size of catalyst particles depends on their silicon content and when cooled
to room temperature for observation they undergo phase separation such that small
particles are almost completely denuded of silicon (it precipitates at the interface with
the substrate) while larger particles separate internally, as discussed earlier. This
combined with changes in particle shape can lead to an underestimate of the small-
particle component of the particle size distribution. Comparing nanowire size
distributions with those of the catalyst particles is also complicated by the fact that the
wires often exhibit significant lateral growth, as discussed in section 4.4.1. As this
depends on the vapour-phase concentration of SiO produced by reaction with the silicon

substrate it is a sensitive function of the exposed Si area and nanowire density.

4.4.3 Other parameters influencing nanowire growth

The self-sourcing nanowire growth technique investigated in this work relies on the
production of a vapour-phase source of SiO produced by a reaction between O; and Si.
The concentration of vapour available therefore depends on the concentration and
proximity of the silicon source, and on the reaction rates between oxygen and silicon.
This section serves to highlight the significance of such effects rather than provide a

detailed and systematic investigation of them.
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A: Crystal orientation

Silicon nanowires (SINWs) with small diameters tend to grow primarily along <110>
directions, whereas SINWs with larger diameters tend to grow along <111> directions.
As a consequence, well-aligned SINW arrays form ordered networks on single crystal
substrates corresponding to low-free-energy structures, and their orthographic
projections on (100), (110), and (111) substrates form rectangular patterns, parallel
straight lines, and triangular network, rcspccli\"cly” . In the present study, the growth
direction of silica nanowires is not correlated with the crystal orientation of the substrate
and no differences for different diameter wires are observed. This supports a model in

which Si0; nanowires are nucleated directly rather than via the growth and subsequent

oxidation of silicon nanowires.

L —

<101>

Figure 4.28: SEM images of etch pits depending on crystal orientation of a) (100), b)

(110), and ¢) (111) substrate and schematic illustrations, respectively.

However, the substrate orientation might reasonably be expected to play some role in
the nucleation and growth of silica nanowires due to variations in the reactivity of
differently oriented Si surfaces. Such differences are evident from the shapes of etch
pits produced in the silicon substrate by reaction with residual oxygen, as shown in
Figure 4.28. These samples were coated with Au colloid particles prior to annealing in
N> atmosphere at 1100°C for 1 hour. The etch pits show well defined facets on (100),
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(110) and (111) surfaces consistent with previous studies' ",

Significantly, no etch pits
were observed on substrates when annealed without Au, confirming the catalytic role of

Au in enhancing the 2S1+0,—2S10 reaction. The effect of oxygen etching will be

discussed further in chapter 5.

B: Alternative substrates

Sum

Figure 4.29: SEM images of nanowires grown on a) silica and b) silicon rich oxide
film(Si0; 16N 12:H) after annealing at 1100°C in N, ambient for 1 hour with Si capping

layer.

Thin films such as silicon dioxide or silicon-rich oxide are useful substrates in many
practical biological and environmental sensing applications and in micro-electro-
mechanical (MEMS) systems. The incorporation of silica nanowires into such
structures is therefore of interest. Although a Si substrate often exists under the thin film,
no nanowires are observed without the provision of an additional Si source because the
thin film prevents the formation of Au-Si alloy particles and the chemical reaction
required to produce the requisite SiO vapour source. On the other hand, float growth of
nanowires is observed after annealing (at 1100°C in N> ambient for lhour) 10nm Au
coated layers on 100nm thermal silicon dioxide and silicon rich oxide (Si10; 6Ng32:H
deposited by PECVD) films onto Si substrate covered with a Si capping layer, as shown

in figure 4.29.
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C: Source proximity effects

Figure 4.30: SEM images of a) nanowires grown on silica after annealing 10nm Au
film on silica at 1100°C in N, ambient for 1 hour with Si capping layer depending on

distance (=100 pum) between silica and Si capping layer and b) Si capping layer.

The growth of nanowires from secondary sources of SiO is also affected by the distance
between film and capping (source) layer. For example, high densities of extremely thin
nanowires are observed on silica substrates when the distance between the silica film
and capping layer is appropriately adjusted, as shown in figure 4.30 a). For separations
of about 25um, float growth of nanowires (Figure 4.29 a) is observed. However, at
larger separations, > 25um, high densities of thin wires are observed. No nanowires are
observed on the Si capping layer annealed with sample of Figure 4.30 a), as shown in
Figure 4.30 b), but it does exhibit severe etching due to the reaction with O, to produce
Si0. Increasing the separation between the substrate and capping layer affects the
concentration and concentration gradient of SiO vapour at the point of growth.
However, the details of this effect are complicated by the fact that the proximity of the
capping layer affects the local O, partial pressure between the wafers, as well as the
distribution of SiO vapour emitted from the capping wafer. (i.e. increasing the
separation between the substrate and capping-layer increases the O, partial pressure

between wafers and thereby increases the production of SiO, but the SiO concentration
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also decreases with distance from the capping layer and therefore decreases at the point
of growth with increasing separation.) Clearly such effects can have a dramatic
influence on the density and structure of the resulting nanowires and can be used to
produce optimal structures for particular applications. The trends reported above are

summarized in the schematic of Figure 4.31.
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Figure 4.31: Schematic illustration of growth mode of silica nanowires grown on silica
after annealing with Si capping layer depending on the distance between capping layer

and substrate.

D: Concentration gradient of vapour source

The mode of growth (root versus float) and the density and structure of nanowires is a
sensitive function of growth conditions and is influenced by both the concentration and
concentration gradient of gas phase reactants. This is evident from Figure 4.32 which
shows a typical SEM image of nanowires grown on Si after annealing with a Si capping
layer. In this case both the silicon substrate and capping layer act as sources of SiO
vapour but the concentration of residual O, decreases with increasing distance from the
edge of the sample due to the proximity of the substrate and capping wafer. In this case,
float growth of nanowires is observed over most of the growth area (part A), as shown

in Fig 4.32 a). These nanowires have a relatively low density and typical lengths of
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5~6pum and diameters of 150~250nm. This 1s consistent with the fact that the SiO
production rate in this region is reduced by the availability of O;. On the other hand,
figure 4.32 b) shows a SEM image of nanowires taken at the edge (part B) of the same
sample. In this case nanowire growth occurs via root growth (i.e. no Au is observed on
the head of the wires). These wires have an average length of 40~50pum and an average
diameter of 1~1.5um. They are also present at high density relative to those in region A.
Significantly, the wires also show strong alignment along the direction of maximum
SiO concentration gradient, as determined from the sample geometry. i.e. The
alignment is most evident within 0.2-0.3 mm of the sample edge. Figure 4.32 d) shows a
schematic of the SiO concentration gradient in each area (part A and B) during
annealing with a Si capping layer. (The concentration of O; is expected to decrease with

increasing distance from the sample edge).

Edge direction of sample

5 Si cappihg layer / g Si Concentration gradient of
ppRg fay / Si0 source

! —
Au film @ @

Si substrate

Figure 4.32: a) SEM image of float growth nanowires observed on most of the sample,
b) SEM image of root growth nanowires observed in edge area of sample, ¢) schematic
illustration of sample structures, and d) expected concentration gradient of SiO source

in part A and B.
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4.5 Summary

In summary, this chapter has investigated the synthesis of silica nanowires on Au-
coated substrates using a simple self-sourcing process and highlighted some of the
experimental dependencies of the growth process. Details of the synthesis process were
investigated and a model of nanowire growth proposed. The latter is based on the
production of SiO as a vapour phase source of Si and O via by a reaction between Si
and residual oxygen, present in the annealing ambient at 3-10ppm, described by:
2Si+0,—2Si0. The dominance of this reaction over the competing reaction:
Si+0,—S8i0; is a strong function of oxygen concentration and temperature and for the
fixed oxygen concentration employed in this study, limits growth to the temperature
range >1000°C. The SiO vapor produced is absorbed by metal (Au) catalyst particles
and facilitates nanowire growth via a VLS growth mechanism. The formation of
catalyst particles and the relationship between the size of these particles and that of the
resulting nanowires was explored in some detail. More subtle growth modes were also
investigated, including the growth of nanowires on substrates other than silicon in
which a secondary source of SiO was produced by including a Si capping wafer in the
vicinity of the substrate. The influence of experimental parameters on the structure and

morphology of the nanowires was also reported.

Although the work reported here has concentrated on the use of Au as the metallic

catalyst, similar results were observed for other catalysts, including Ni, Pt and Pd.
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Chapter 5
Hybrid metal-silica nanowire structures

and their optical properties

This chapter presents results on the synthesis and characterization of metal:silica-
nanowire hybrid nanostructures including the fabrication of self-supporting nanowire
films, optically-doped nanowires, structures based on secondary nanowire growth,
metal-decorated nanowires, and metal peapod and core-shell structures. Such structures
have enormous potential as optically-based sensing elements based on plasmon
resonance effects and luminescence emission, and as large surface area catalyst

substrates.

In order to fabricate these hybrid structures the nanowire growth was controlled by
various methods including the use of optically active metals as catalysts for growth, the
use of capping layers to promote float growth, and post growth metal deposition and
annealing. The optical properties of selected structures were also examined using
Fourier-transform  infra-red spectroscopy (FTIR), optical absorption, and

photoluminescence analysis.

5.1 Introduction

During the past decades, hybrid nanostructures have attracted attention because of their

novel optical and electronic properties and their potential for applications such as

[1-3] [4,

nanoscale optoelectronics'' ), sensors™ *! and 1D quantum devices'® 7). Noble-metal

nanoparticles encapsulated in a dielectric matrix are particularly interesting for ultrafast

(8,9]

optical switching devices'™ ' owing to their nonlinear and fast optical response near the
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surface-plasmon-resonance(SPR) frequency and in quantum devices'™ " due to the
effect of quantum tunneling between conducting particles near percolation threshold.
Various methods such as the sol-gel process, metal-dielectric deposition by co-
sputtering, metal-ion implantation into dielectric matrix, and pulsed laser deposition

have been applied for metal-dielectric nanocomposite synthesis''*"*!

. More recently,
interest has turned to chains of one dimensional noble metal-dielectric nanoparticles,
rather than the thin film or bulk form, because it has been shown theoretically and
experimentally that electromagnetic energy can be transported below the diffraction
limit of light, along such chains of closely spaced noble nanoparticles through a

314
coupled-plasmon mode'"™ ' ),

These ‘Peapod’ type structures are one of best known
examples of one-dimensional hybrid nanostructures and their unusual properties offer a
promising opportunity to achieve a wide variety of functionalities' '™ '*. Recently, Hu et

al reported the fabrication of self-organized gold-peapod silica nanowires using a

microreactor system and demonstrated SPR-induced conductivity in these structures'' .

Core-shell or multi core-shell nanostructures are also of great theoretical and
technological interest. Silica is commonly employed for the fabrication of such 0-
dimensional structures because of its thermal and chemical stability and ease of control
of the deposition process. A variety of materials, including Au, Ag, Fe, metal oxides
and semiconductors have been coated with silica shells or supported by a silica core.
These structures are formed by surface modification and/or functionalization of the

nanostructures during synthesis process or post-processing“s'm]. Thermal evaporation

] [22-25]

techniques'®"’ or metal ion or colloid reduction in solution can be employed for

fabrication of such core-shell structures and such structures are good candidates for

. . . 2
investigating plasmon resonance effects'*®.
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The composition of nanowires has a profound impact on their performance as fabricated
nanodevices. In order to control the composition of the nanowires, doping methods such
as implantation or sputtering have been employed during or after nanowire growth. The
electrical properties of nanowires have been controlled with boron or phosphorous

[27-3

during growth process'’ ", and optical doping was performed by ion-implantation of

e . av i 32,3
rare-earth ions to enhance photoluminescence emission!”

3 . 5 Y
¥l Since the strong intrinsic
luminescence from as grown silica nanowires have been reported™), several studies
- . < . 5 n - 3 3
have been performed on optical doping and functionalization of such materials®® ** 3¢,

Self-organized growth of optically doped nanowires and associated hybrid structures

and their luminescence had also reported by Choi et al*”!.

5.2 Experimental details

The substrates employed for this study consisted of (100) orientated silicon wafers,
fused silica plates, 100nm thick SiO; film grown on (100) Si by thermal oxidation, and
100nm thick silicon rich oxide films (SRO) deposited onto (100) Si by PECVD. Gold
(Au), Nickel (Ni), and Erbium (Er) catalyst layers of ~10nm thickness were deposited
on the substrates by sputter deposition. In one particular case, co-deposition of Au and
Er was employed for in-site doping of the nanowires. Samples were annealed at
temperatures close to 1100°C for 1 hour in N, ambient at 100scem to induce the growth
of silica nanowires. In some cases, the samples were placed face (metal side) down on a
(100) silicon wafer which was used to provide an indirect Si vapour source, during the
annealing process. A few samples were re-annealed at temperatures close to 1100°C for
15~20min in N; ambient after the removal of the Si capping layer. For fabricating
hybrid structures and postdoping experiments, Er and Au were re-sputtered on as-grown
silica nanowires and subsequently re-annealed at temperatures close to 1100°C for 1|

hour in O, or N, ambient.
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The morphology of the nanowires and the relationship between the catalyst and the
nanowires were observed by scanning electron microscopy (SEM) [Hitachi field
emission scanning microscopy (FE-SEM)] equipped with an energy dispersive X-ray
(EDX) detector and backscattering detector. High resolution transmission election
microscopy (HRTEM) with energy dispersive spectroscopy (EDS) was also utilized to

analyze the structure and the composition of nanowires.

Absorption FTIR spectra were measured with a Perkin-Elmer FTIR system 2000
spectrometer at room temperature and UV-visible absorption spectra were measured
with spectrophotometer (Varian cary 5000) in the range 300~1200nm. In addition, the
optical properties of nanowires were studied by photoluminescence (PL). The UV-
visible emission was measured under excitation with a 325nm emission from a He-Cd
laser. The luminescence emission was collected using a grating monochromator and a
GaAs photomultiplier. Standard lock-in techniques were also used for signal detection.
PL measurement in the infra-red range (1400-1600nm) was performed under 488nm
excitation from an Ar-ion laser. Emitted light was collected by using Triax 320
spectrometer equipped with a high sensitivity liquid-nitrogen-cooled germanium

detector. Standard lock-in techniques were also employed for these PL. measurements.

5.3 Experimental results

5.3.1 Self-supporting nanowire films

As discussed in Chapter 5, nanowire synthesis under the conditions employed in the
current study involves etching of the Si substrate via a reaction with O; to produce SiO,
i.e. 2Si+0,—2Si0. This produces facetted etch pits in the Si surface. During extended
annealing the density and extent of these etch pits increases to the point where they

overlap and decouple the growing film from the substrate. This process can be
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accelerated by re-depositing metal onto the nanowire film and reheating at 1100°C to
diffuse the metal to the active interface. This enhances the etching process via the
catalytic action of the metal. Figure 5.1 a) shows such a self-supporting film of silica
nanowires. Figure 5.1 b) and c¢) show front and reverse side of this film. Silica
nanowires, similar to what has been seen previously, were observed from front side with
a small number of wires on reverse side. This film is flexible and mechanically robust
and can readily be handled with a pair of tweezers. The role of the etching is clearly
evident in Fig. 5.1 d) which shows a cross-sectional SEM image of the sample prior to
complete layer release, and in Fig. 5.1 ¢) which shows a plan view image of the Si
surface after film release. Such films have enormous potential as biological or
environmental sensors due to their large surface to volume fraction and this process is

the subject of a provisional patent.

hS

21""_

Figure 5.1: (/eft panel) Photographs of a spontaneously delaminated nanowire film and
the the silicon substrate on which it was grown. (right panels) a) cross-sectional SEM
image of the substrate-nanowire interface (red box), b) an SEM image of the Si
substrate after film delamination, ¢) an SEM image of the top surface of the nanowire

film, and d) an SEM image of the substrate-side of the self-supporting nanowire film.

91



5.3.2 Intrinsic optical properties of silica nanowires
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Figure 5.2: FTIR spectra for a) a nanowire film on a silicon substrate (black line) and a
self-supported (red-line) nanowire film, and b) scaled FTIR spectra for a self-supported

nanowire film (red-line) and a 100nm thermal SiO; on Si substrate (black-line).
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Figure 5.2 shows FTIR spectra of a self-supporting nanowire film, an as-grown silica
nanowire layer and 100nm thermal SiO; on a Si substrate for comparison of structural
difference. The FTIR spectra are similar in both cases of nanowires and show three
intense absorption peaks located at 470, 800, and 1100cm™. The peak at 470cm’ is
attributed to the asymmetric Si-O-Si bending vibration; that at 800cm™ to the symmetric
stretching vibration, and the peak at 1100cm™ to the asymmetric stretching vibration'™®
¥1 The FTIR spectrum of a thermal oxide is included for comparison and shows an
absorption peak at 1100cm™ that is much narrower than that measured for nanowire
samples. The significant broadening of this Si-O-Si bending mode peak for the

nanowire sample reflects the additional vibrational freedom of surface atoms and is a

direct consequence of the large surface-to-volume ratio of these samples.

B: Photoluminescence

It has previously been reported that silica nanowires emit stable and high brightness
blue light®"). In order to test this, photoluminescence measurements were performed on
our silica nanowire samples. Figure 5.3 shows typical PL spectra collected from as-
grown silica nanowires on Si substrate, self-supporting nanowire film, and 100nm
thermal SiO; on Si substrate under 325nm excitation. Nanowire samples show strong
and broad PL emission in the UV-blue emission range which can be fitted with three
emission bands peaked at 370, 405, and 478nm, respectively, as shown in figure 5.3 b).
Similar emission peaks have previously been reported for high purity silica prepared

under different conditions' ™).

Emission at 3.3(~370nm), 3.1(~405nm), and
2.6eV(~478nm) is generally attributed to oxygen—deficient defect centers!*® 4 4649
These emissions are relatively intense in the case of nanowire samples, consistent with

their substoichiometric composition. i.e. The average composition is SiO;g which

implies a high concentration of oxygen-deficient centres. Importantly, these defects are
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in close proximity to the sample surface due to the small dimensions of the nanowires
and as a consequence the luminescence is expected to be sensitive to the presence of

surface adsorbates —an important consideration for potential optical sensing applications.
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Figure 5.3: a) PL of the as-grown silica nanowires on Si substrate (black line), self-
supporting nanowire film (red line), and 100nm thermal SiO; on silicon substrate and b)

PL of the self-supporting nanowire film with fitting lines.
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5.3.3 Extrinsic doping of nanowires

Doping i1s one method available to change the composition or functionality of nanowires.
In general, nanowire doping can be achieved by in-situ doping (during the growth
process) or by post-doping (after growth process) with various techniques such as

implantation or sputtering/diffusion. As part of this study we have demonstrated both

[33

in-situ®’ and post**-doping of silica nanowires with the rare-earth element Er. In-situ
doping was achieved by using Er as a constituent of the catalyst particles, either by
implanting silicon substrates with Er or by depositing thin metal films of Er or Au:Er
onto silicon prior to annealing at 1100°C. As discussed below, the implanted Er and
deposited Au:Er films acted as effective catalysts for nanowire growth but the deposited
Er film did not. Ex-situ doping was achieved by ion-implanting pre-formed nanowires

with Er ions and annealing at 900°C to optically activate the Er. The work on ion-

implanted samples has already been published elsewhere*® and is not repeated here.

S um

6 um

Figure 5.4: a) 10nm Er coated on Si substrate after annealing at 1100°C in N, for 4
hours, b) 30nm Au:Er (1:4 ratio) coated on Si substrate after annealing at 1100°C in N,
for 1hour, and ¢) 6 x10" cm™ ErO" ions implanted (30keV) on Si substrate (projected

range of 20nm) after annealing at 1100°C in N; for 4 hours.
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200 N —

Figure 5.5: a) TEM image of nanowire grown by co-sputtered layer of Au and Er as a

catalyst coated on Si substrate after annealing at 1100°C in N; for lhour.

Er ion
a) b) c) Tapered wire
Er of solid phase (VSS mechansim)
i —
Si0; ——p Si0; —p Si0;

VLS mechanism

»
»

v

Growth direction of host wires

Figure 5.6: Schematic illustration for growth model of tapered nanowires explained by
two-stage growth mechanism: a) primary nanowires absorbed Er atoms grown by Au:Er
catalyst coated on Si substrate after annealing at 1100°C in N, (First-stage: VLS
mechanism), b) During annealing process solid phase Er atoms are incorporated in host
wires, and ¢) Finally, tapered nanowires (float growth mode) nucleated by Er atoms as

catalyst on the surface of primary nanowires (Second-stage: VSS mechanism).

Figure 5.4 compares SEM images of three samples annealing at 1100°C in N>: one
coated with 10nm of Er metal; and one coated with 30 nm of Au and Er (1:4 ratio); and
one ion-implanted with 30 keV ErO" ions to a fluence of 6 x10"* em™ (projected range
of 20nm). No nanowires are observed on the sample coated with Er. In contrast, the
sample coated with Au and Er has a dense array of silica nanowires and the ion-
implanted sample has a low density of silica nanowires. The lack of nanowires on the
Er coated sample is attributed to the fact that Er has a high melting temperature
(1522°C) and forms a protective coating on silicon wafer rather than forming small
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islands. This prevents the formation of SiO; via the reaction between residual oxygen
and the silicon substrate. The addition of Au aids the film breakup and enables
nanowire growth. However, the morphology of the nanowires is quite different to those
produced by Au only. In particular, the wires have a twisted and corrugated form. The
mean diameter of the nanowires is around 700nm and their lengths exceed 10s of
micrometers. Significantly, TEM images prepared from the same sample show small
tapered wires emanating off host wire, as shown in figure 5.5. No such secondary
growth is observed for Au-only catalysts. This suggests that the tapered nanowires are
nucleated by Er particles. (A conclusion that is supported by the observation of profuse
secondary growth of tapered wires in the case of Er-coated silica nanowires annealed at
1100°C as discussed further in section 5.3.5). The growth of these tapered nanowires
can be explained by a two-stage growth mechanism, as shown in Figure 5.6. First,
primary nanowires grow by the vapour-liquid-solid mechanism with Au as the primary
catalyst. During this process, Er atoms are adsorbed on, or incorporated in the host
nanowires. Second, the Er diffuses and clusters on the nanowire surface to form small
precipitates that act as catalyst particles for the secondary growth nanowires (Vapour-
Solid-Solid mechanism). Because Er (and related compounds) has a high melting point
it is expected to remain in the solid-phase during nanowire growth. As a result the
nanowire growth rate is expected to be much slower than that induced by the liquid Au
catalyst. This is consistent with the growth of relatively short, tapered nanowires as the

tapering is directly related to the ration of transverse and lateral growth.

Attempts to measure or image the Er at the tips of the nanowires was unsuccessful but
we have observed small Er catalyst particles on the tip of Er-catalyzed nanowires (float

growth) grown from Er-implanted Si substrates' >,
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A: Photoluminescence

The presence of optically active Er can also be detected from photoluminescence
measurements of the 1.5 um Er'’ emission, corresponding to the 11s2-"1;3» transition.
Figure 5.7 shows a photoluminescence spectrum from silica nanowires nucleated by
Au:Er thin-film catalysts. The emission is characteristic of Er'" in silica (a direct

comparison is shown in Fig. 5.22 b))
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Figure 5.7: PL spectra of nanowires nucleated by co-sputtered Au and Er (1:4 ratios) as

catalyst on Si substrate after annealing at 1100°C in N, for lhour.

5.3.4 Au peapod structures

Under certain growth conditions, such as is observed in the presence of a capping layer
or when thick catalyst films are employed, it is common to find nanowires with
encapsulated metal particles in them, often in the form of regularly spaced particles of
similar diameter. As an example, Figure 5.8 a) shows a SEM image of encapsulated Au
particles observed following root growth of nanowires. In this case the wires were
grown by coating a silicon wafer with 10 nm of Au and annealing at 1100°C in N; for |

hour with Si capping layer (Corresponds to part B of the sample shown in Fig 4.32).
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The nature of the particle 1s evident from EDX analysis (Figure 5.8 b)) and the bright

contrast evident in the electron backscattering image (inset).

a) b)

‘ 200nm e

(
S00nm — T\ A

Figure 5.8: a) SEM image of typical Au peapod structures observed in root growth of
nanowires (Corresponds to part B of the sample shown in Figure 4.32) grown by 10nm
Au film on Si substrate after annealing at 1100°C in N> for | hour with silicon capping

layer.

2um ‘ 500nm

Figure 5.9: a) SEM image of float growth mode of nanowires grown by 10nm Au
coated Si after annealing at 1100°C in N, for lhour with Si capping layer, b)
Backscattering electron image of Au peapod structure observed from nanowires of float
growth after re-annealing at 1100°C in N, for 20 min without its capping layer

(Corresponds to part A of the sample shown in Fig. 4.32).

Similar behaviour is observed during float growth, as shown in Figure 5.9. In this case

the wires of float growth (in Figure 5.9 a)) were grown by coating a silicon wafer with
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10 nm of Au and annealing at 1100°C in N, for 1 hour with Si capping layer
(Corresponds to part A of the sample shown in Fig. 4.32) then re-annealing the sample
under the same conditions (temperature and ambient but annealing time for 20min) as
those employed for the initial growth but without its capping layer (in Figure 5.9 b)).

The Au catalyst particle is clearly evident at the tip of the wire, as is its distinctive form.

300N —

Figure 5.10: Au wire in silica nanowires grown by coating a silicon wafer with 10 nm
of Au and annealing at 1100°C in N, for 1 hour with Si capping layer then re-annealing
the sample under the same temperature and ambient but annealing time for 20min
without its capping layer (The growth direction is towards the right and the wire is

capped by Au head, which is not included in the image).

0 an .00 8.00 10.00 12.00

200nm

Figure 5.11: a) TEM image of Au peapod structures grown by coating a silicon wafer
with 10 nm of Au and annealing at 1100°C in N, for 1 hour with Si capping layer then
re-annealing the sample under the same temperature and ambient but annealing time for
20min without its capping layer (inset Au particles within the nanowire) and b) EDX

spectrum of Au nanoparticle.
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Previous studies have reported Au peapods in silica nanowires fabricated from the thin-
film sandwich structures annealed in a microwave reactor'’’. The proposed mechanism
in this case involved the formation of a gold wire in a hollow silica tube which
subsequently transformed into droplet-like Au nanoparticles via Rayleigh instability.
The hollow silica matrix was suggested to be non-stoichometric, with a silicon-rich
stoichiometry. Silica nanowires containing central Au wires have also been observed in
the present study, as shown in Figure 5.10, and there is evidence that Au nanoparticles
can form from such wires. However, TEM images of other nanowires, such as that
shown in Figure 5.11, show no evidence of a core-shell structure (i.e. they exhibit
uniform contrast across the diameter of the nanowire in regions between Au

nanoparticles)

' 1
i Without Si capping layer 5 With Si capping layer | Without Si capping layer E
- 1

Edge region of capping layer

R Centre region of capping layer
FI(!MI\

Si substrate

Figure 5.12: Schematic illustration of observed Au peapod structures. First, Au
particles in the root growth mode are observed in edge region of sample. Second, Au
particles in float growth mode are observed in centre region of sample after re-annealing

of float growth nanowires under the same condition without Si capping layer.
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Our experimental observations are summarized in Figure 5.12, which shows schematics
of Au peapod formation during float and root growth and the affect of capping layers.
As discussed in chapter 4, the nanowire growth mode can be changed from float growth
to root growth by using a Si capping layer as a secondary source of SiO vapour. The
growth mode was also shown to be sensitive to the distance between the capping layer
and silicon/silica substrate due to its affect on the concentration of O, available for
reaction with Si (i.e. SiO concentration). The production of pea-pod structures is
sensitive to these influences suggesting that it is controlled by reaction kinetics as well
as the mode of growth.

According to an earlier report, insufficient oxygen supply‘so] and chemical reduction”®"
induced by the formation of Au-Si eutectic can give rise to structurally imperfect silica
and further facilitate silicon migration. In addition, it has recently been reported that Au
located on the head of silicon nanowires (float growth mode) can migrate down the

(52,

centre of the wire during subsequent oxidation of the nanowires"** **!. Similar behaviour
could be expected during the growth of silicon-rich silica nanowires, or silica nanowires
with silicon-rich cores, and may explain why the growth of pea-pod structures is so
sensitive to the local vapour concentration. In this case peapods would form from the

Au-rich core by a Rayleigh instability"™* >,

However, as shown above, many of our
observations are inconsistent with this as a general model. Specifically, the size and
spacing of “peas” varies from that expected from wire decomposition, and the spatial

distribution of the peas often has limited extent. To address these inconsistencies an

alternative model of pea-pod formation was developed.

The proposed model is based on combination of two main driving forces. The first

driving force is the change in composition of reactants (SiO and oxygen) that affected
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the kinetic energy of Au droplet. In the float growth mode, when nanowires are
nucleated by Si capping layer, kinetics of supersaturated Au droplets sustain nanowire
growth because of their equilibrium concentration (Au-Si-O), as shown in Figure 5.13
(a). However, after removing Si capping layer, the Au droplets absorb more O, and
become unstable [Au(-)-Si(])-O(1)] (Figure 5.13 (b)). In order to return to the
equilibrium state, the oxygen-rich Au droplets expel excess Au and O,, as shown in
Figure 5.13 (c) (Si content in oxygen-rich Au droplet is minimum proportion of

elements for renewed equilibrium).

:-.occoouooo-o-oooooctuooulnooc. R LN

With Si capping layer +  After removing Si capping E E After removing Si capping E
T st ss s s s s
Si10 Si0 .
0, O; (excessed) Si0
Si0 Si0 Y v J SO % 3 0; (excessed)
Y 4 / Si0 '\ V4
Original proportion 7P Y Minimum proportion

of clements 1n alloy

particle equilibrium stase
Au
Quasi-equilibrium Renewed equilibrium
state for growth mode N‘:‘Q""'b"""“‘ state . State 1o sustain growth
for growth mode ,AP'- .

Separated small Au
. panikle with excess O,

Figure 5.13: Schematic diagram of the proposed kinetics in Au droplet for pea-pod
growth model: (a) Equilibrium state (Au-Si-O) for nanowire growth in original growth
condition; (b) Non-equilibrium state by changing in composition of the reactant due to
excess O, after removing Si capping layer and (¢) Renewed equilibrium state after

separating small Au particles and excess O, to sustain growth to maintain growth mode.
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Figure 5.14: (a) Simple initial approximation of a growing disc, representing the
interface between the silica wire and the gold droplet, on an inert flat plane. Broken
curves are contours of equal concentration. (b) Diffusive growth leads to a central
depression in the nanowire that can be approximated as conical. (¢) Coordinates for
analysis of conical growth. The solution inside the cone must be matched to the solution

in the droplet on the matching surface.
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Figure 5.15: Evolution sequence of the catalyst/nanowire interface predicted by

diffusive model™®’.

The second driving force is diffusive transport of reactants within the Au catalyst
particle and the realization that the maximum growth rate of silica occurs at the
periphery of the catalyst particle where the concentration gradient of reactants is
greatest. The initial evolution of the system is shown in Figure 5.14. The Au droplet

adsorbs SiO vapour and oxygen from the surrounding atmosphere and this diffuses to
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the growing silica nanowire (Figure 5.14 a)). Because the concentration gradient is
larger near the edge of this circular interface than at the centre, the edges grow more
rapidly and the interface develops an almost conical depression in the growing nanowire
(Figure 5.14 b-c)). This establishes the conditions for a periodic evolution of the
structure as shown in Figure 5.15. As the aspect ratio of the cone increases beyond a
critical value its top begins to close under the influence of diffusion and ultimately seals
off, leaving a small volume of liquid gold within the wire. The enclosed liquid gold then
gradually evolves to a spherical droplet under the influence of its interfacial free energy.
This process then repeats in a regular manner if the gas environment remains stable,
giving a chain of gold droplets with a short length of solid silica separating them from
each other. This diffusion model and an analytical approximation to its solution and

explained in more detail in the original reference*®).

Suffice it to say that the model
predicts the formation of periodic pea-pod structures without the requirement to first
form a metal wire. It also predicts a dependence on reaction kinetics, as the

concentration gradients responsible for the differential growth rate at the catalyst-

nanowire-interface depend on this kinetics.

5.3.5 Metal decorated nanowires

As discussed in the introduction to this chapter, metal decorated nanostructures are of
great interest as high-surface area catalysts and optically-based sensors. The latter is
usually based on surface enhanced Raman scattering or plasmon resonant absorption
from the metal, but can also be extended to include Plasmon-enhanced luminescence
from optically active nanowires. Silica is an ideal substrate for such applications due to
its optical transparency, chemical inertness, and biocompatibility. Various approaches
to the fabrication of such metal-decorated nanostructures were explored as part of this

project.
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Figure 5.16: SEM images of Au decorated silica nanowires fabricated by 10nm Au
deposited on as-grown silica nanowires after re-annealing a) 900, b) 1000, and c)
1100°C in oxygen for lhour. On the other hand, d) SEM images of Au decorated self-
supporting film fabricated by 10nm Au deposited on as-grown self-supporting film and

re-annealing at 1100°C in oxygen for lhour.

Figure 5.16 shows a hybrid metal-silica nanostructure consisting of Au nanoparticles on
silica nanowires. This structure was synthesized by depositing 10nm Au film on as-
grown silica nanowires and then re-annealing in oxygen ambient at different
temperatures. Figure 5.16 a), b), and c¢) show Au necklaces annealed at 900, 1000 and
1100°C, respectively. The same hybrid nanostructure was also synthesized with self-
supporting silica nanowire films (described in Section 5.3.1), as shown in figure 5.16 d).
Au has a melting point of 1063°C and is expected to remain in the solid phase during
annealing at 900 and 1000°C (NB: There is evidence to suggest that nanoscale particles
melt at temperatures lower than their bulk counterpart and this cannot be ruled out.
However, Au is observed to ball up into nanoparticles on silica at temperatures as low
as 500-600°C where it clearly remains in the solid phase). The resulting nanoparticles
have a broad size distribution but the average particle size clearly increases with
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increasing temperature. (This is not obvious from the SEM micrographs in Fig. 5.16 for
the sample annealed at 1100°C and the self-supporting film because they represent
nanowires of different diameters but it is confirmed by optical absorption data which
samples representative areas of nanowires —see below) The Au nanoparticles remain on
the nanowire surface but no secondary growth of nanowires is observed in this case,
even at temperature as high as 1100°C, because the O, ambient precludes the formation

of SiO vapour.

A: Optical absorbance

Figure 5.17 shows the optical absorption spectra of Au decorated nanostructures. As
expected, no Plasmon-band is observed from as-grown silica nanowires (A) or as-grown
self supporting nanowire films (D). In contrast, the decorated films show a well defined
Plasmon absorption band in the 500-550nm wavelength range. As shown in figure
5.17 b), Au decorated nanowires synthesized by annealing at 1100°C with Au deposited
on as-grown self-supporting film (E) show stronger and narrowing optical absorption
band near 540nm. According to earlier studies, the absorption band of surface plasmon
resonance of Au nanoparticles is close to 520nm and its peak position and width are

affected by the size and shape of Au particles'" >

. For spherical nanoparticles the
maximum shift in the plasmon resonance is from approximately in the range of 520 —
570nm, with the longer wavelength corresponding to the smallest particles. Analysis of
the spectra in Figure 5.17 a) shows that the absorption peak shifts to longer wavelengths

for the sample annealed at 1100°C when compared to that annealed at 1000°C,

consistent with the trend discussed above.
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Figure 5.17: a) absorption spectra of as-grown silica nanowires on a silicon substrate
without Au (A), Au decorated nanowires fabricated at 1000°C (B), and Au decorated
nanowires fabricated at 1100°C (C). b) absorption spectra of as-grown self-supporting
silica nanowire film (D) and Au decorated nanowires fabricated at 1100°C with self-

supporting silica nanowire film (E).

5.3.6 Core-Shell nanowire structures

As an extension of the work on decorated nanostructures, nanowire samples were also
coated with Er metal of 30nm thickness and annealed at 1100°C in O, for | hour to

form a luminescent coating of Er,Os. Figure 5.18 a) shows a SEM image of nanowires
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after the coating process. As-grown silica nanowires were coated with Er metal using a
sputter deposition system and subsequently annealed at 1100°C in oxygen ambient for |
hour. No difference in the physical shape of the nanowires was observed after the
deposition process. Figure 5.18 b) shows a TEM image of an individual nanowire after
the coating process (inset edge of coated nanowire). Figure 5.18 ¢) shows a cross-
sectional TEM image of a coated nanowire clearly highlighting the silica nanowire core
and the Er-based coating. EDX measurement of the dark shell region confirms the

presence of Er, as shown in Figure 5.18 d).

30nmm s—

S — 200nm
c) Shell-metal B d) _
Er
Cu
200nm 2.00 4.00 6.00 8.00 10.00

Figure 5.18: a) SEM image of nanowires annealed in O, ambient after the coating
process, b) TEM image of individual nanowire (inset edge of coated nanowire), ¢)
Cross-sectional TEM image of coated nanowires (core-shell structure), and d) EDX

spectrum of dark part of nanowire.
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For comparison, Er-coated nanowires of 30nm thickness were also annealed at 1100°C
(1 hour) in N;. i.e. under conditions in which SiO vapour is produced by reaction
between residual oxygen and residual O,. Figure 5.19 a) shows a SEM image of the
resulting nanostructures. In this case a low density of small tapered nanowires
(secondary growth) is observed on the primary nanowires. (As discussed earlier,
deposited Er films show limited catalytic activity due to the lack of islanding.)
However, TEM analysis of the primary nanowires, Figure 5.18 b), reveals a more
complex coaxial nanostructure. Specifically it shows a triple-layer coaxial structure
consisting of a silica-core, an Er-based coaxial layer, and an outer silica-based cladding
layer, as shown in Figure 5.19 ¢). This structure can be explained by lateral growth, as
discussed in chapter 4. i.e The surface of the Er coated nanowires was coated by a
silica-based layer formed by the adsorption of SiO vapour produced from the substrate.
Figure 5.20 shows a schematic diagram of the resulting multi core-shell structures
fabricated by metal coating (A—B) and re-annealing process (B—C). In the previous
study, Meng et al have previously reported core-shell nanostructure synthesized by

thermal evaporation of SiO"*"!.

Analysis of the small tapered nanowires shown in Figure 5.19 is included in Figure 5.21
which shows TEM images and EDX spectra of these features. The growth of these
tapered nanowires is clearly based on a float growth mechanism as metal catalyst
particles are clearly visible on the tips of the structures. As discussed earlier, the growth
of such tapered nanowires can be explained by Vapour-Solid-Solid (VSS) mechanism in

which the taper is produced by the relative rates of transverse and lateral growth.

110



a)

2.5um 100nm

100nm

Figure 5.19: a) SEM image of nanowires annealed in N, ambient after the doping
process, b) TEM image of individual nanowire, ¢) Cross-sectional TEM image of the
doped nanowires (multi core-shell structure), and an d) EDX spectrum of the darker

region of the nanowire image showing the presence of Er.
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Figure 5.20: The schematic diagram of the core-shell structure (A—B—C).
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Figure 5.21: a) TEM image of tapered nanowires grown on Er coated silica nanowires
after re-annealing process, b) TEM image of float growth mode of tapered wire, ¢) EDX
spectrum of the head of tapered wire (A), and d) EDX spectrum of the stem of tapered

wire (B).

A: Photoluminescence

Figure 5.22 a) shows PL spectra in the infrared (IR) range from as-grown silica
nanowires, Er coated core- shell silica nanowires, and Si substrate after removal of the
Er coated core-shell silica nanowires, respectively. No emission is observed in this
wavelength range from as-grown silica nanowires or from the Si substrate after
removing the Er-doped nanowires. This suggests that the measured PL emission is from
the Er coated core-shell silica nanowires. For comparison, PL spectra were measured
from silica slides co-doped with Er and Si nanocrystals (Er:SiNC) and Er,O; powder, as
shown in figure 5.22 b). The emission at around 1.53um measured from Er:SiNC is

SRt ~ 4 4 oe . 0 T S . sqe 5 . ~
characteristic of the "l s -'l;3, transition from the Er" ion in silica. Comparison of
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these various spectra shows that the emission from Er;O; has significantly more
structure than that from the Er'’ ion in silica. That additional structure is also evident in
the Er-doped nanowire samples therefore suggests that at least part of this emission is

from oxidized Er..
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Figure 5.22: a) PL spectra of as- grown silica nanowires (green line), Er doped core —
shell silica nanowires (red line), and Si substrate removed Er doped nanowires (black
line). b) PL spectra of Er implanted Si nanocrystal synthesized in SiO, (black line),

ErO; powder on carbon tape (red line), and only carbon tape (green line).
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5.3.7 Combined (peapods + core-shell + self-supporting film) hybrid

nanostructures

Having identified different approaches to the synthesis of novel nanostructures,
attention is now directed to the synthesis on hyper-hybrid nanostructures that employ
two or more of the above approaches. As an example, Figure 5.23 shows a complex
nanostructure consisting of a silica inner core, an Er-based coaxial layer, an Au
nanoparticle layer and a silica outer cladding layer. In order to fabricate this structure,
nanowires were first grown on a silicon substrate by depositing a 10nm Au layer on
silicon and annealing in N, at 1100°C for 1 hour. A 30nm layer of Er was then sputter
deposited onto the nanowires and annealed in O, at 1100°C for 1 hour. This sample was
then recoated with 10 nm of Au and annealed at 1100°C in N, to produce the silica
cladding layer via lateral growth. The resulting film delaminated from the substrate to
form a self-supporting thin film of silica-based nanowires with a structure as illustrated
schematically in Figure 5.24. Figure 5.23 a) shows a SEM image of the resulting
nanowires. A low density of secondary nanowires was observed on the primary
nanowires, as discussed in the previous section. More detail of the nanowire structure is
evident from the backscattered electron image of figure 5.23 b), which shows bright
contrast from heavier elements and clearly delineates the Er-rich coaxial layer and the
Au nanoparticles in the structure. This is even more evident in Figure 5.23 c¢) which
shows an individual nanowire with the hyper-hybrid structures at high magnification.
In this image, the inner Er-based coaxial layer is clearly evident. The brighter Au
nanoparticles are encapsulated in an outer silica matrix produced by the final re-

annealing in N,. EDX spectra confirm the presence of Er and Au.
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Figure 5.23: a) SEM image of hyper-hybrid nanowires and tapered nanowires (inset),
b) backscattering image of hyper-hybrid nanowires, ¢) backscattering image of
individual hyper-hybrid nanowire at high magnification, d) EDX spectra of hyper-

hybrid nanowire.
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Figure 5.24: Schematic diagram of hyper-hybrid structure.
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A: Optical absorbance
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Figure 5.25: UV-visible spectrum measured from hyper-hybrid structures of silica

nanowires (red line) and as-grown self-supporting film for comparison (black line).

The UV-visible absorption spectrum of the above sample is shown in figure 5.25. For
comparison, an as-grown self-supporting silica nanowire film was also measured. The
absorption spectrum from the sample shows three distinct absorption bands centered at
540, 860, and 980nm. As discussed in the previous section, the band at 540nm is
attributed to the surface plasmon resonance of Au nanoparticles. The origin of the band
at 860nm is less clear but absorption in this range has previously, been attributed to
plasmon resonant absorption (longitudinal mode) from aggregates of small Au

[62-64]

nanoparticles or to elongated Au nanoparticles This is consistent with the

relatively strong absorption at 540nm which suggests a high density of Au nanoparticles

but this conclusion remains speculative®).  The smaller absorption band at 980nm

corresponds to the 4l||/3-4l,5,‘2 transition in Er and is therefore attributed to this

transition'®),
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B: Photoluminescence
Figure 5.26 show a PL spectrum in the infrared range from hyper-hybrid structured

silica nanowires. Only very weak Er-related emission is observed in this case.
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Figure 5.26: PL spectrum of hyper-hybrid structured silica nanowires.

5.4 Summary

In summary, a range of different approaches have been explored for the fabrication of
hybrid metal-silica nanostructures. These structures include self-supporting nanowire
films, Au peapod structures, Au decorated nanowires, Er core-shell nanowires and
hyper-hybrid Aw/Er/silica nanowires. Growth mechanisms were presented for these

structures and basic optical properties were discussed.
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Chapter 6

Concluding remarks

6.1 Conclusions

This thesis examined the physical properties and possible applications of silicon rich
oxide films deposited by PECVD and the synthesis, structure and properties of one

dimensional silica and hybrid metal-silica nanostructures.

PECVD deposited silicon rich oxide films were shown to develop high tensile stress
during the annealing process. The effect of varying film stress was shown to be
correlated with densification and a loss of hydrogen. For critical film thickness and
annealing at high temperatures (up to 650°C), failure modes such as delamination and
cracking was caused by the film stress. Two distinct modes of crack propagation were
reported for film on a (100) Si substrate: straight cracks along [100] directions in the
underlying Si substrate or oscillating cracks propagating along [100] directions
underlying substrate. The wavelength and amplitude of oscillating cracks was modified
by the addition of a SiO, buffer layer and ion implantation was shown to reduce the
density of cracks. Other properties of SRO films were investigated for specific
applications. Charge trapping in SRO layers correlated with hydrogen release and the
formation of metal nanoparticles within SRO films by direct thermal reaction with a

deposited metal.
During the course of study of formation of metal nanoparticles in SRO matrix, the
growth of one dimensional SiOy nanostructures at elevated temperatures with high Si

content on SRO films provided the new research directions. Henceforth, a systematic
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study was performed to understand the growth mechanism of SiO, nanowires and their

potential applications.

The growth mechanism of silica nanowires on metal coated Si substrates using a simple
self-sourcing process has highlighted some of the experimental dependencies of growth
process. A proposed model of nanowire growth is based on the production of SiO as a
vapour phase source of Si and O via a reaction between Si and residual oxygen, present
in the annealing ambient at 3-10ppm, described by: 2Si + O, — 2Si0. The Si10 vapour
so produced is absorbed by metal catalyst particles and facilitates nanowire growth via a
VLS growth mechanism. The dominance of this reaction over the competing reaction:
Si + O, — Si0; is a strong function of oxygen concentration and temperature and for
the fixed oxygen concentration employed in this study, limits growth to the temperature

range >1000°C.

The diameter of SiO, nanowires is dependent on many factors, including the
catalyst/substrate combination, process gases, growth temperature, or combinations of
these parameters. Critically, the nanowire diameter is also directly related to the size of
the metal seed particles. This thesis has examined the size dependency of the Au
nanoparticles and the resulting silica nanowires to the initial deposited Au films of
varying thicknesses. During this process it has been observed that the diameter of the
silica nanowires depends upon the size of the Au droplets, which is itself determined by

the thickness of the original Au film.

In addition to the above mentioned detail investigation, more subtle growth modes,
including the growth of nanowires on substrates other than silicon in which a secondary

source of SiO was produced by a Si capping wafer in the vicinity of the substrate were
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also investigated. The influence of experimental parameters on the structure and

morphology of the nanowires was also studied.

The fabrication of hybrid metal-silica nanostructures by using different approaches was
examined. These structures include self-supporting nanowire films, Au peapod
structures, Au decorated nanowires, core-shell nanowires, and hyper-hybrid silica
nanowires. Growth mechanism of these structures was presented with proposed models
and basic optical properties such as optical absorption and photoluminescence were

discussed for potential applications.

6.2 Future work

Despite the intense research effort devoted to studying the mechanical properties of
SRO films deposited by PECVD many important technological challenges remain.
Further work is required to understand the how deposition and processing conditions
affect film stress. The effect of substrate temperatures greater than 300°C on hydrogen

retention and stress are critical in this regard. .

With regard to silica nanowires, future work is required to more fully understand the
synthesis, structure and properties of hybrid metal-silica and coated-silica
nanostructures; and to examine the potential of such structures for environmental and
biological sensing, microcatalysis, etc. The ability to coat nanowires with functional

materials using ALD or CVD is an area of particular interest in this regard.
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