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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF SILICON NANOWIRES GROWN BY
THERMAL CHEMICAL VAPOUR DEPOSITION

SFISO ZWELISHA KHANYILE

M.Sc. Thesis, Department of Physics, University of the Western Cape

In this thesis we report on the deposition of silicon nanostructures using a 3-zone
thermal chemical vapour deposition process at atmospheric pressure. Nickel and
gold thin films, deposited by DC sputtering on crystalline silicon substrates, were
used as the catalyst material required for vapour-solid-liquid growth mechanism of
the Si nanostructures. The core of this work is centred around the effect of catalyst
type, substrate temperature and the source-to-substrate distance on the structural
and optical properties of the resultant Si nanostructures, using argon as the carrier

gas and Si powder as the source.

The morphology and internal structure of the Si nanostructures was probed by using
high resolution scanning and transmission electron microscopy, respectively. The
crystallinity was measured by x-ray diffraction and the high resolution transmission
electron microscopy. For composition and elemental analysis, Fourier transform
infrared spectroscopy was used to quantify the bonding configuration, while electron
energy-loss spectroscopy in conjunction with electron dispersion spectroscopy
reveals the composition. Photoluminescence and UV-visible spectroscopy was used

to extract the emission and reflection properties of the synthesized nanostructures.
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advancements made in semiconductor technology and electronic devices [1.4]. This
is among the reasons promoting SiINWs to be the most suitable candidates for
electronic applications since they can be easily integrated into existing Si devices. It
is therefore crucial to study such materials at atomic scale in order to develop a
fundamental understanding of the resulting unique properties and enhance the

designing and integration of such structures into devices.

1.2.1 Importance of Silicon Nanowires (SiNWSs)

SINWs can be defined as one-dimensional wire, rod, whisker and cone-like
structures that have a diameter of less than a 100 nm. In the quest to improve the
cost-efficiency of electronic devices, the quantum confinement effects associated
with nano-scale devices form a crucial part of microelectronic device design. Nano-
scale semiconductor wires have therefore attracted a lot of attention as a result of
their possible applications in mesoscopic research, nanophotonics, nanoelectronics,

nano devices, chemical sensors and biological systems [1.5, 1.6].

1.2.1.1 Research developments in SiINWs

The “first known” publication on Si wire growth which marked the first phase of Si
wire research, was written by Treuting and Arnold in 1957 [1.7] whereby they
presented their successful growth of Si whiskers (filamentary Si crystals) with macro
dimensions. A few (7) years later, there was a drastic improvement in Si wire
research which was marked by a major breakthrough in Si wire synthesis made by
Wagner and Ellis [1.8]. Through their work, the vapour-liquid-solid (VLS) growth
mechanism was born, paving way to a new research field which even today is the

most popular synthesis method for Si wires. This new era lasted for almost a



decade, through which more fundamental aspects of VLS Si wire growth were

discovered and thereafter became dormant.
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Figure 1.1: A graphical presentation showing the number of publications on nanowires and SiNWs
specifically [1.9].

It was not until the mid-90s that the second phase of research on Si wires, with
nano-dimensions (SiNWs) began as a result of advances in microelectronics. In this
era, SINW publications started outnumbering those on Si whiskers [1.9]. Since then,
and over the last decade, there has been a huge increase on NW publications
making it an active field of nanotechnology [1.9]. Most of the work done on SiINWs
entails, the fundamental growth, physical properties, applications and models of
metallic, semiconducting NWs. In the electronics industry, the majority of SINW
research focuses on the electrical properties of SINWSs, since they can be easily

incorporated into existing electronic devices [1.9, 1.10].

1.2.1.2 The novel physical properties and phenomena of SiNWs

Developments in nanotechnology and quantum physics demonstrate that, materials
do change their properties as they become smaller in size (nanoscale) and quantum
physical effects such as quantum confinement become more dominant and apparent

in determining material properties. At the nano-scale (10° m), a crystal cannot be



defined as an infinite periodic structure since boundary conditions and surface
effects become very crucial when the size of the crystal is reduced to a very small
size. Hence surface passivation, size and shape play a very huge role in determining
the optical and electronic properties of nanostructures [1.11].

Consequently, silicon nanocrystals can emit light in the visible range due to
guantized energy levels for electrons and holes, which assume higher energy levels
within their respective energy bands when the size of the crystal is reduced. In
silicon nanocrystals, the energy bands are different from those of their bulk
counterpart since bulk silicon energy bands are based on principles of an infinite
periodic lattice. Furthermore, the changes in band structure and the strong
confinement of charge carriers’ result in stronger overlapping of wave functions
hence the optical transitions are much more efficient in silicon nanocrystals than in
bulk silicon material.

Enhanced optical absorption properties within the visible and near-infrared regions,
have been observed in crystalline SINWs when compared to crystalline thin films. It
has been demonstrated that, the band gap of SiNWs can be engineered by tuning
the nanowire diameter within the range of 1-7 nm [1.12], which introduces strain
[1.13]. Furthermore, amorphous SiNWs (a-SiNWs) and nanocones (NCs) when
compared to a-Si thin films have exhibited enhanced absorption in the range
between 400 to 800 nm. The surface of these a-SiNWs can be passivated and this
passivation of surface defects is essential for improving the electron mobility in
nanowire devices [1.13].

As the SINW diameter is reduced to < 10 nm, the Si band gap gets transformed from
an indirect to a direct band gap resulting in photoluminescence (PL) and

electroluminescence (EL) of the SINWs as a consequence of quantum confinement



effects [1.10]. Experimentally, quantum confinement effects in nanostructured Si,
were first reported by Canham (1990) [1.14] and Lehman and Gosele (1991) [1.15],
where by electrochemical etching was used to synthesize c-Si nanostructures with
visible luminescence at room temperature.

The unigue mechanical properties of SINWs have attracted a lot of interest due to
their potential applications as building blocks for nano-devices. SINWs have been
found to exhibit superior mechanical properties than bulk Si such as the elastic
modulus and fracture stress [1.16]. When etching a Si wafer to produce SiNWSs, the
synthesized NWs exhibit lower stiffness than the bulk Si as a result of the increased
surface-to-volume ratio. This observation shows that in NWs, the surface layer has
an elastic modulus and Eigen-strains different to those of bulk Si [1.17]. Lee and
Rudd [1.18], demonstrated in their work on (100) SiNWSs that the Young's modulus
decreases as the surface to volume ratio increases, and the steep decline observed
between 2 - 2.5 nm was attributed to compressive surface stress [1.18]. The study
and fabrication of novel mechanical nanostructures with reduced Young's moduli
and enhanced elastic properties has become a prominent field of research. This
initiative seeks to resolve the problem of plastic deformation in materials which
directly leads to fracture through broadening of the elastic region. However, these
observed effects on pristine SINWs cannot directly be linked to oxidised SiINWs since
at the nanoscale, different surface treatments yield varying mechanical properties.
Due to the increased surface to volume ratio, it follows that the nanoscale signature

is encrypted on the surface of the SINWs [1.17].



1.2.1.3 Potential applications of SINWs

The novel physical properties and phenomena of SINWs have reinforced the idea of
Si being the ideal material for present and future electronics, hence the rapid growth
of SINW research and development. SINWs have a wide range of potential
applications in several fields such as SiINWs-FETSs, photovoltaic devices, lithium-ion
batteries and in thermoelectric devices.

SINW-FETs have a high sensitivity and surface to volume ratio which enables them
to be applicable in a range of nanodevices such as pH sensors, gas sensors and
biological sensors [1.10]. The sensing mechanism of the SiNWs relies on the
changes in its electrical conductance which occurs when there is a loss or gain of
electrons on the Si surface, or when the SiNW is exposed to charged biological
molecules. Furthermore, SINW sensors are able to achieve the detection limit of
femtomolar molecules, demonstrating their high sensitivity due to the enhanced
surface to volume ratio.

In solar cells and photovoltaic devices, the enhanced photon absorption capability of
SiINWSs is essential. During the fabrication of a SINW solar cell, the SINWs are doped
such that they form p-i-n coaxial SINWs such that each SiNW can act as a solar cell.
Tian et al. [1.19], demonstrated using a single coaxial SINW p-i-n junction solar cell
with an efficiency of about 3.4% while efficiencies > 10% have been achieved by
several groups using arrays of SINW solar cells [1.10]. As mentioned previously,
enhancement of SINW solar cell performance can be achieved through surface
passivation, limiting interfacial recombination.

Lithium-ion batteries are the most fundamental power source for modern portable
devices such as cellular phones, laptops, camcorders, digital cameras etc.

Conventionally, Li-ion batteries utilise graphite as the anode material which has a



capacity of 372 mA.hg™ and has a lower performance capacity than SiNW anodes.
Other materials with higher theoretical capacities include Sn, Al and Si having the
highest capacity of about 4200 mA.hg™ in the Lis4Si composition [1.20]. This high
performance capacity results in even longer life cycles and enhanced resistance to
pulverization during cycling. Several works published previously, have suggested
that the enhanced cycling ability of amorphous Si compared to crystalline Si, can be
attributed to the lower volume expansion and higher potential of a-Si when reacting
with Li* ions [1.21]. Furthermore, Cui et al [1.22], observed a life cycle extension in
Li-ion batteries of about a 100 cycles when crystalline-amorphous SiNWs (core-
shell), were incorporated as anodes for Li-ion batteries.

SiINWSs have been found to possess a high thermal conversion efficiency, which is
about a 100 times that of bulk Si. This characteristic behaviour renders SiNWs as
one of the ideal materials for a range of thermoelectric device applications [1.23].
The electrical conductivity of SiNWs is comparable to that of bulk Si, while the
thermal conductivity is about ~ 1.6 Wm™K™, which is much lower than the 150Wm’
'K of bulk Si. Hochbaum et al [1.23], in his work illustrated that even lower thermal
conductivity of SINWs can be achieved by introducing structural defects and also by
decreasing the SINW diameter, which reduces phonon transport.

As a result of the rapidly increasing research, the novel properties and the
exploration of a wide range of possible applications of SiNWs, the development of
future technology hinges largely on SiNWs. As highlighted earlier on, the synthesis
method and surface passivation are some of the key factors affecting properties and
applications of SINWSs. It is therefore crucial to focus more research and growth into
the SINW field in order to achieve large-scale and high quality SINWs at sustainable

costs.
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1.3 DEVELOPMENTS ON THE SYNTHESIS AND GROWTH
OF SILICON NANOWIRES

In the last few decades, extensive research work has been done on one-
dimensional, Si nanostructures such as SINWs in order to improve the
understanding of the various growth methods and formation of SINWs. The common
processes used for fabrication of SINWs can be divided into, top down and bottom
down approaches shown in figure 1.2. These two approaches form the basis of all

the SINW growth methods that are being studied extensively.

Top-down Bottom-up

] \ Immm

r—————-——--

Figure 1.2: a schematic showing the top-down and bottom-up growth of SINWs.

1.3.1 Top-Down Approach

This process usually involves etching of a Si substrate or an already existing layer of
Si in order to form one-dimensional Si nanostructures. During the top-down
approach, the etching process can be classified as either a dry or wet etching
process. The dry etching process for SiNWSs includes techniques such as electron
beam lithography, reactive ion bombardment and plasma etching. Furthermore,
these techniques require complex and costly optical equipment which can be fragile.

In comparison, wet etching utilises liquid chemicals for etching which are easy and
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safe to use such as hydrofluoric acid (HF) which is used for etching (SiO;). A simple
illustration of this process was demonstrated by Peng et al [1.24], where by a silver
(Ag) coated Si substrate was electro etched in HF/Fe(NO3) solution [1.24]. During
this process, Si is oxidised by the reduction of Fe** to Fe*" yielding SiO, surrounding
the Ag. The HF is then used to etch the SiO, away and further form SINW arrays
that are vertically aligned hence making the top down approach ideal for synthesis of
vertically aligned and uniform SiINW arrays. However, limitations such as structural
defects, impurities and surface imperfections of the synthesized SiNWs still hinder

the development and applicability if this approach.

1.3.2 Bottom-Up Approach

The bottom-up approach involves the formation of SINWs from the atomic level into
one-dimensional structures using various Si precursors. There are various SINW
growth techniques which utilise this approach include thermal evaporation, laser
ablation, solution based growth, CVD, MBE and magnetron sputtering. The main
distinction between all these growth techniques is the type of Si source used in each
technique. The source material for laser ablation is a solid target composed of Si-Fe
elements while solution based growth utilizes monophenylsilane (SiH,CgHg) as the
source in order to achieve one-dimensional growth. During CVD growth, the
commonly used sources are Si vapour containing gases like SiH,4 or SiCl, and even
Si powder [1.25].

During bottom-up synthesis, the actual growth of SINWs can be attributed to either of
the several SINW growth mechanisms which include, vapour-liquid-solid (VLS),
vapour-solid-solid (VSS), solid-liquid-solid (SLS), solution-liquid-solid , oxide assisted
growth (OAG), sulphide assisted growth, and template based growth. However, the

VLS growth mechanism is the most commonly used mechanism [1.10]. Contrary to
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the top-down approach, SiINWs synthesized using bottom-up approaches exhibit less
structural defects and produce high quality c-SINWs as a result of controllable
growth conditions [1.26]. The naturally crystallinity of metal catalyst structure can be
used to induce the formation of monocrystalline SiNWs , while epitaxially grown
SiNWs can be achieved by using an etched c-Si substrate to remove oxide layer.
When using the bottom-up approach, in situ doping of NWs can be achieved by
adding dopants in the gas phase during CVD growth. Furthermore, this growth
approach is capable of producing SiNWs with very small diameters, with Ma et al.
[1.27], having reported the smallest diameter NW to be 1.3 nm through the OAG

growth mechanism during thermal evaporation of SiO, powder [1.27].

1.4 THE VLS GROWTH MECHANISM

The VLS mechanism is a growth model for one-dimensional structures which utilizes
a metal catalyst to induce the nucleation and growth of one-dimensional structures
such as whiskers, rods and wires. This growth model was proposed and promoted

for wider use by Wagner in 1964 [1.8] and has developed through research over

time.
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Figure 1.3: Shows the VLS growth mechanism of SINWs on a Si substrate using a metal catalyst.
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1.4.1 The VLS Growth Model

As indicated previously, the VLS mechanism utilizes a metal catalyst in order to
initiate and control the growth of SINWs. This growth model can be classified into
three stages being; alloying, nucleation and growth as shown in figure 1.4(a). The
first stage begins at elevated temperatures where by, the metal catalyst thin film
dewets and alloys with the Si substrate to form liquid alloy droplets. The second
stage, nucleation, commences as a result of the Si precursors in vapour form being
adsorbed by the metal-Si alloy droplet. Due to the high growth temperatures and
vapour pressure fluctuations, continuous adsorption of the vapour Si precursors
occurs resulting into supersaturation of the liquid-alloy droplet. This supersaturation
eventually results in precipitation of SINWSs at the liquid-solid interface, which is the
growth stage. A schematic illustrating the VLS growth model is shown in figure 1.4
(b) as demonstrated by Schmid et al. [1.28] in his works, where by an in-situ SEM

investigation was conducted on Au-catalyzed SiNWSs.

(a)
Yy Y
s b e
Ll _ " i
e J s
Alloying Nucleation Growth

Figure 3.4: (a) VLS growth of SINWSs. (b) in-situ FESEM of SINW growth using Au-catalyst. (scale bar

= 100 nm) [1.28].
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Furthermore, figure 1.4 (b) clearly shows the stages (i) to (vi) which represent the
general transition from a simple metal catalyst coated substrate to a point where by
the is SINW growth. In order to fully comprehend the VLS growth mechanism, each

of the different stages will be discussed individually in the following sub-section.

1.4.2 The Metal Catalyst

The VLS growth mechanism is one of the most common growth methods for SiINWSs.
During the VLS growth process, a metal catalyst on its own or through alloying forms
a nano-droplet which then plays a crucial role by providing an interface for Si
precursor adsorption and hence becoming the nucleation site for SINWs. One of the
unique characteristics of nanowires grown using this method is the presence of a
spherical metal eutectic particle at the tip of the nanowire [1.29]. Gold (Au) is one of
the most frequently used metals for catalytic growth of NWs, including other metals
such as nickel (Ni), aluminum (Al), copper (Cu), silver (Ag) etc. Furthermore, Zhou et
al. [1.31] in his work showed that the diameter of the grown SiNWSs is determined by

the size of the metal catalyst nano-droplet from which they nucleate.

Most commonly, a metal catalyst thin film is deposited on the Si substrate using any
of the physical vapour deposition methods and this thin film becomes the source for
the catalyst material. In order to form the nano-droplet arrays on the substrate, a
thermally-induced dewetting process of thin films is used. In metallic thin-films, solid-
state dewetting is driven by the changes in surface energies of the thin film and the
interface between thin film and substrate leading to the formation of liquid nano-
droplets at temperatures that are even lower than melting point of the thin film. Some
metals such as Ni, Au, Ag and Co have low activation energies enhancing metal

atom migration on SiO; due to weak interactions [1.31].
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Figure 1.5: Phase diagram of Ni-Si binary alloy [1.32].

Recently, Ni has become the favourable catalyst material for SINW growth due to it
being thermodynamically compatible with the VLS growth of SiNWs. The choice of
an ideal catalyst and temperature for the growth of SINWs can be guided using the
phase diagram of the metal-Si alloy. The Ni-Si alloy phase diagram shown in figure
1.5 indicates eutectic reactions at temperatures of about 964 °C, 966 °C, 1143 °C
and 1215 °C where by SINW growth occurs. As indicated in this bulk binary Ni-Si
diagram, the eutectic point for NiSi, is 993 °C which means that for nano-sized
particles, the formation of the NiSi, eutectic compound can occur at even lower
temperatures than the 993 °C for bulk materials. During VLS growth, the vapour
phase is highly saturated with Si atoms which have a high solubility in NiSi, hence
upon reaching the liquid droplet surface, these atoms get absorbed and diffuse
within the nano-droplets. Continuous absorption of the Si atoms causes

supersaturation of the droplet resulting in SINW precipitation [1.33].

One of the advantages of using Ni as a catalyst is that, Ni-Si phases start forming at

relatively low temperatures such as 400 °C. At this phase, NiSi forms and has a
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lower resistance compared to the other phases. As the temperature increases,
phase formation progresses and resistance increase in the sequence: Ni,Si (25

pMQ.cm) to NiSi (14 uQ.cm) to NiSi, (40 uQ.cm) while the silicidation sequence is:

~2509C-Nidif fusion ~350°C-Nidiffusion ___ 800°C nucleation
Ni/Si 6 Ni,Si NiSi —— > NiSi, (1.2

At higher temperatures, the NiSi forms NiSi, which has a higher resistance and
higher solubility of Si promoting higher absorption of Si precursors which

consequently results in rapid growth of SINWSs.

According to Schmidt et al. [1.34], metal catalyst can be classified based on their
interactions, such as, Au-like metals, silicide alloying metals, and low Si solubility
metals. The low melting temperature of low solubility metals such as Sn, In, and Ga
makes them the most favourable metals. In electronic applications, Indium (In) is
known for inducing p-type doping of SiINWs and has a low melting point of about
156.6 °C hence SiNW growth is expected at such low temperatures. However, as a
result of its low solubility (~ 1 x 10 cm?/s), such a metal catalyst requires higher Si
precursor pressure in order to achieve SINW growth. The surface of the In nano-
droplet readily oxidises into indium oxide (In,O3) which hampers the diffusion of Si

precursors [1.35].

1.4.3 The Si Vapour Source

During SiINW synthesis, several growth techniques as highlighted previously can be
used. The choice of the Si precursors is determined largely by the type of growth
technique used and other factors such as anticipated growth temperature. Some of
the most common Si precursors used during the synthesis of SINWs include, the

derivatives of silane (SiH4, Si>Hg, SisHg, SiH,C)2), pure Si powder, SiO powder and
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even bulk solid Si targets. In the early days, Wagner and Ellis [1.8] used SiCl, for the
synthesis of Si nano-whiskers at higher temperatures in order to thermally

decompose the SiCly.

In recent times, SiH, has become the dominant precursor owing to its lower
decomposition temperature and absence of chlorine elements. Furthermore, the
SiH,4 precursor is more ideal for low-temperature CVD and even permits the use of
variable types of substrates due to the low growth temperature. Other precursors
such as Si powder are more appropriate for high temperature CVD due to their
higher vaporization temperatures. Si powder has been found to be one of the most
cost-effective sources for producing SiNWs on a large scale [1.9]. A small portion of
Si powder is placed in a multi-zoned tube furnace whereby it is heated at high
temperatures and thermally evaporated. In order for vaporization of the powder and
growth to occur, a temperature gradient of about 1350 °C to 900 °C is necessary
along the furnace tube. The Si powder is placed on the hotter end in order to induce
vaporization of Si atoms which get carried downstream onto the substrate by an inert
gas such as argon (Ar), supplied into the tube. As the Si atoms flow downstream,
collisions and reactions occur such that upon reaching the cooler zone, Si atoms get
absorbed and supersaturate the liquid nano-droplet resulting in nanowire growth

[1.36].

1.4.4 Nucleation

When the Si atoms get absorbed into the eutectic alloy nano-droplet continuously,
saturation occurs. From absorption at the surface of the nano-droplet, the Si atoms
diffuse within the droplet towards the liquid-solid interface and this period is known

as the incubation time. Continuous absorption of Si from the vapour precursor leads
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to supersaturation at the droplet/Si-substrate interface which results in the
precipitation and growth of SINWs. This process is called nucleation and it marks the

first stage of SINW growth.

(a)

Figure 1.6: Shows (a) the BF TEM images of a precipitating SINW at after 102 s, 105 s and 131 s
(scale = 10 nm). (b) a plot of the linear variation r (length) of Si nuclei against time for different radii R
of droplets [1.37, 1.38].

Hoffman et al. [1.37] and Kim et al. [1.38] conducted an in-situ investigation of the
SINW nucleation process. In their work, Au catalysed NW nucleation was monitored
using a transmission electron microscope (TEM) with ultra-high vacuum. The
summary of observations made at different time intervals are presented in figure 1.6
using the bright field (BF) TEM images (a). The BF images acquired at time, t = 102,
105 and 131 s, show the variation in the radial length r, as time progresses. This
observation clearly shows the time-delay from when the Si precursors are supplied
until radial growth of SINWs occurs. A graphical presentation of the process is shown
in figure 1.6 (b), where by the measured linear elongation r in nanometres, of the Si

nuclei was plotted against the elapsed time t in seconds. It is observed from the
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graph that beyond a certain critical point, the linear growth increases rapidly until it
reaches a steady growth rate where it stabilizes. Furthermore it was observed that
catalyst droplets with a bigger diameter R, took a longer nucleation time and slower

growth rate.

1.4.5 Steady Growth of Si Nanowires

In the previous section, the different stages of SINW growth have been highlighted
as nucleation, rapid growth, steady growth and termination of NW growth. As
indicated earlier, the continuous absorption of Si atoms by the catalyst nano-droplet
leads to supersaturation at the liquid/solid interface which results in growth of
SiNWSs. As the growth progresses from being rapid initially, it reaches a steady stage
where by there is no change in the axial growth rate (dRaxia/dt = 0) observed on the
NW resulting in a fixed diameter SINW as a consequence of the stable catalyst
diameter. Kikawa et al. [1.39] estimated the axial growth rate Raxa, using the

relation:

Raxial = —— (1.2)

Where by Inw and ty represent the NW length and deposition time respectively. To
improve the accuracy of this approximation, it is crucial to incorporate the nucleation

time tn,c Of that particular catalyst being used as presented by Schmidt et al. [1.34]:

Inw
Raxial = (1.3)
ta—tnuc

As the SINWs undergo axial growth, some of the Si precursor species get deposited
and absorbed through the walls of the precipitated NWs. This process may result in

radial growth of the NWs and hence the diameter of the NWs may increase or in
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some cases result in tapered structures (non-uniform diameter). This radial growth
Rradial, €an be approximated using the NW radius ryw, in the relation:

Nw—To
Rradial = (1-4)
ta

Where by rg is the initial NW radius before radial growth. According to Schmid et al.
[1.34], the Riagial IS about ~ 2 orders of magnitude smaller than R aal.

During VLS-SINW growth, there are several kinetic processes which can affect the
growth rate of NW. These kinetic processes are shown in figure 1.7 as (1) Si atoms
transportation in vapour phase, (2) adsorption and absorption at the vapour/liquid
interface, (3) diffusion of Si within liquid phase, and (4) incorporation of atoms in a

crystal lattice.

e

¢,

Figure 1.7: A schematic diagram showing the various processes involved in during VLS growth of
SiNWSs [1.40].

According to Choi et al. [1.40], the complexity of determining the actual process (es)
that is responsible for determining the growth rate of SINW as shown in figure 1.7
can be attributed to the three phases, the two interfaces and the chemical reactions
involved during NW growth. Based on experimental evidence, He managed to
individually isolate and eliminate each process in the following manner. Due to the

high diffusivity of Si in liquefied metals and the fixed catalyst shape, step (3) was
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found to have negligible contribution to the growth rate. For step (1), it is expected
that the diffusion coefficient in the gaseous phase, be governed by the power law:
D= Do(T/To)"(P/Py), where n=1.5~2 [1.41, 1.42]. However, experimentally, this is not
always observed hence step (1) cannot be considered as a rate-limiting process.
Considering step (2) as a rate-limiting factor implies that the growth is proportional to
the partial pressure of reactant gas which is in disagreement with the notion that, the
growth process involves two activated processes in series [1.40]. This observations
led to the conclusion that, the growth rate solely depends on the supersaturation
hence step (4) can be considered as the rate determining factor since it involves the

incorporation of atoms into the crystal lattice [1.40].

1.4.6 Termination of Axial Growth of SINWs

During Axial growth of SINWs, when the temperature is dropped below a certain
critical point or all the metal catalyst is used up, axial growth is terminated [1.43].
During SINW growth, the growth temperature is a vital parameter since it is
responsible for maintaining the thermodynamic stability of the metal catalyst in its
liquid phase. Schmidt and Gosele [1.44], observed that, during steady state growth,
a slight drop in substrate temperature results in a drop of the NW growth rate which
then explains the link between critical temperature and termination of growth. These
observations show that, as the temperature is reduced, the growth rate decreases

until there is no more growth observed below a certain critical temperature.

Furthermore, termination of NW axial growth can be induced by the evolution of the
catalyst or migration through evaporation or incorporation of the catalyst into the NW
matrix [1.45, 1.46]. These processes can result in size reduction of the catalyst which

further promotes the diffusion of the catalyst from the tip of the nanowire into the
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body. This migration of the catalyst results in the formation of NWs with sharp

pointed needle-like tips.

1.5 SINW GROWTH TECHNIQUES

1.5.1 Chemical Vapour Deposition (CVD)

CVD is one of the oldest, dominant and fast developing growth technique used for
the synthesis of SiNWs using the VLS mechanism. In this technique, a gaseous or
vaporised Si precursor such as SiH4, SiCl4 and vaporised pure Si powder can be
used as the Si sources. These precursor species are transferred by a non-reactive
carrier gas from source to the deposition site where by they are cracked into their
constituents that get absorbed for SINW growth. The CVD technique has various
derivatives which can be classified using parameters which may include the
operation pressure or the type of precursor.

Most commonly, CVD can be referred to as Thermal CVD (TCVD) since the various
types of sources are thermally activated hence TCVD can be classified according to
its operating temperature. These categories can be divided into; high temperature,
moderate temperature and low temperature TCVD. In high temperature CVD, a
guartz tube is used as the reactor chamber surrounded by heating elements on the
outside. In this system, the substrate is placed at the middle of the hot zone of the
tube while one end of the tube is connected to the Si precursor or carrier gas, while
the other end is connected to an appropriate gas evacuation system. The operation
temperature for such a system ranges from 700 — 1100 °C and is commonly used for
SiCl, source which requires high temperatures for cracking. Furthermore, the choice
of operation temperature is also influenced by the choice of metal catalyst used and
its eutectic temperature. For example, Ni and Fe require temperatures of about 1000

°C to form eutectic alloys with a Si substrate for VLS growth to occur. Figure 1.8
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