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ABSTRACT

Nanoparticles are considered as fundamental building blocks of nanotechnology and,
silicon nanoparticles in particular, will form the basis of applications in single electron
transistors, floating gate memory devices, solid state lighting, chemical sensors and

flexible electronics, including solar cells and luminescent materials, printed on paper.

A remaining key challenge however in the development of applications is the
reproducible and reliable production of nanomaterial in sufficient quantities.
Historically nanoparticles have been manufactured by top-down approaches such as
milling, laser ablation or etching, and bottom-up synthesis such as colloidal chemistry
and gas phase pyrolysis. The chemical processes in the latter are generally equivalent to
those in the chemical vapour deposition (CVD) of compact films. Due to its simplicity
and the relatively straight-forward construction of the hot wire chemical vapour
deposition (HWCVD) reactor, this method is further investigated as a suitable route to

nanoparticle production.

The objective of this research is thus to produce Si nanoparticles (powder) in sufficient
quantities, through thermal catalytic pyrolysis, while maintaining control of the

important properties namely size, size distribution, composition and crystallinity.

Learning from HWCVD production parameters, a system was designed and constructed,
mostly from used parts, which incorporates a water-cooled carousel that allows 6
depositions without compromising the vacuum. Si nanoparticles were produced with
silane as precursor and hydrogen dilutions ranging from 0 to 80% and at operating
pressures of 3 to 48 mbar. The material was characterised for morphology, bonding
configuration and crystallinity using scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR),

X-ray diffraction (XRD) and Raman spectroscopy respectively.



EDX and FTIR spectra of the particles reveal high concentrations of oxygen in all
samples, and FTIR spectra indicate the presence of surface bound hydrogen. The
material can thus be classified as hydrogenated amorphous silicon nanoparticles (a-
Si:H) with substantial surface oxidisation. XRD and Raman spectra indicate a small
fraction of crystalline order in samples produced at temperatures exceeding 120 °C. The
research has successfully demonstrated that thermal catalytic pyrolysis can produce a-
Si:H nanoparticles. The particles are mostly amorphous, hydrogenated and surface

oxidised.
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1. INTRODUCTION

Nanoscience and Nanotechnology is an emerging field of science. Nanoscience is
concerned with the understanding, prediction and control of novel and fundamental
properties of materials arising from their nano-scale. Nanotechnology can be understood
as the application and exploitation of these novel properties. At present, it is generally
accepted that, for a particle or structure to qualify as nanostructured, at least one
dimension should be in the order of, or smaller than 100 nm. Nanotechnology has, so
far, found application in fields as diverse as textiles, cosmetics, drug delivery,
diagnostics, catalysis, displays, batteries, solar and fuel cells. Other applications in
development [1] are based on the success in the synthesis and properties of nano-

particles and nano-structures.

In an attempt to clarify nanostructured materials three categories have been suggested
[2]. The first category comprises nano-sized particles, wires or thin films that may be
isolated or substrate supported. The second category comprises materials and devices in
which the nanometre-size microstructure is limited to a thin surface region of the bulk
material i.e. due to chemical and/or atomic modification of the surface on nanometre
scale. The third category comprises bulk solids with nanometre-scale microstructures
i.e. bulk solids in which the chemical composition, atomic arrangement and/or the size
of the building blocks (e.g. crystallites, particles or molecular groups) forming the solid,

vary on a length scale of a few nanometres throughout the bulk.

The challenge for the development of applications is the reproducible and reliable
production of nanomaterial in sufficient quantities. As with all nanoscale systems there
are two approaches: top-down and bottom-up [1]. In the case of nanoparticles a top-
down approach to their production means a size reduction of the same bulk material. A
bottom-up approach describes the synthesis of nanoparticles from chemically different
precursors. Using these definitions, a top-down production includes all mechanical
milling and chemical etching methods, as well as evaporation and condensation of the

bulk material using, e.g. laser ablation. Bottom-up synthesis includes soft chemical



synthesis, or colloidal chemistry approaches as well as gas phase synthesis methods

such as pyrolysis of a precursor gas.

The research presented in this thesis is primarily concerned with the synthesis of

nanoparticles, specifically silicon nanoparticles.

In general, due to their small size, nanoparticles have a large surface to volume ratio,
typically having a specific surface area of 400 m>.g" or higher [3], resulting in the
domination of the surface properties of the particles. The chemical, electronic, optical,
magnetic and mechanical properties of the nanoparticles become distinctively different
from their bulk material. For instance [4], the following properties are all surface
dependant, and as the particle size is decreased: the catalytic activity increases;
mechanical reinforcement in nanocomposites increases, e.g. carbon black in rubber;
electrical conductivity of ceramics increases; but electrical conductivity of metals
decreases; the hardness and strength of metals increases; the ductility, hardness and
formability of ceramics increases; but the sintering and super-plastic forming
temperature of ceramic e.g. TiO, decreases; and the luminescence of semiconductors

. +2 .
such as Si, GaAs, ZnS:Mn “ increases.

When nanoparticles are smaller than about 20 nm the electrons are confined to a very
small domain and will start adopting energy levels which are determined by quantum
“confinement” effects. Such particles are usually semiconducting e.g. Si, CdSe and
CdS, and are known as quantum dots. The particle is said to behave like a large atom
and is often called an “artificial atom” [S]. Quantum confinement leads to unexpected
effects e.g. the modification of the optoelectronic properties as compared to that of the
bulk material. Another advantage of semiconductor quantum dots stems from the very
long life time of electrons in the excited states, which is an important requirement in

laser optical applications [6].

The size effects described above also apply to silicon. Silicon quantum dots can be used
to produce light emitters of various colours by “band-gap tuning”, using particle size

effects rather than the current complex techniques of synthesizing compound



semiconductors [5]. Silicon nanocrystals are also of interest for applications in solid
state lighting. While bulk silicon shows basically no photoluminescence due to its
indirect band-gap, strong photoluminescence has been demonstrated for silicon
nanocrystals, even at room temperature [6]. The size-tuneable optical and electronic
properties of silicon nanoparticles make silicon nanocrystals interesting candidates for a
wide spectrum of high end applications, including light emitting diodes (LEDs),
quantum dot lasers, chemical sensors and molecular electronics. Further low end
applications include printed electronics and flexible solar cells [7] as well as
luminescent materials and composites [S]. These applications are expected to benefit
social as well as industrial use. Silicon nanoparticles are furthermore widely considered
as a material with great potential for a wide spectrum of electronic applications and
novel devices. A variety of novel electronic devices such as single electron transistors,
vertical transistors and floating gate memory devices have been demonstrated.
Furthermore, Si nanoparticle floating-gate memories have the potential to outperform
conventional devices with faster read and write times, higher reliability, and lower
power dissipation [8]. However, if these applications are to be commercially viable,
these particles have to be produced in considerable quantities. A number of routes to the
synthesis of silicon and other nanoparticles will be investigated and discussed in this

thesis.

The objective of this research is to investigate the use of thermal catalytic pyrolysis as a
route to the controlled synthesis of discrete silicon nanoparticles (powders). Due to its
simplicity and the relatively straight-forward construction of the hot wire pyrolysis
apparatus, the focus of this research is on determining its suitability for Si nanoparticle
production. In chapter 2, various synthesis techniques suitable for Si nanoparticle
production will be investigated and discussed. In chapter 3, special emphasis will be
given to hot wire chemical vapour deposition (HWCVD) to show its reliance on thermal
catalytic pyrolysis, and making use of the literature to determine its possible suitability
for particle production. The broad parameters used in HWCVD of Si films will form the
basis of the design and assembly of a particle synthesis system (reactor), which will be
discussed in chapter 4. The processes followed for the set of experiments, with

variations in the key parameters of operating pressure and hydrogen dilution, as well as



the characterisation techniques applied will be discussed in chapter 5. Finally, the as
produced material will be characterised for morphology (size, etc), crystallinity and

composition, and the results discussed in chapter 6.



2. OVERVIEW OF NANOPARTICLE
PRODUCTION METHODS

In nanoparticle synthesis, the challenge is to control the production parameters to
synthesise particles with the desired morphology, composition and properties
(electronic, optical, electrical, magnetic, chemical and mechanical) [4]. A further
challenge is the elimination of agglomeration and aggregation. Aggregation is
irreversible particle sintering or clustering [9,10], which can be restricted by controlled
powder synthesis and by suspending or dispersing the nanoparticles in a medium [1].
Agglomeration is particle adhesion due to van der Waals forces [9] and depends
primarily on the number of particles (concentration) and their mobility. Both of these

increase as particle sizes decrease [11].

It has been widely accepted that there are two major approaches that can be followed to
synthesise nanoparticles. In the ‘top-down’ approach, the particles are formed by
removing pieces from a bulk of the same material through breaking, electron or laser
bombardment and etching. The end product is much smaller than the precursor. In the
‘bottom-up’ approach, atoms and molecules react with each other to assemble or
agglomerate in a particle which is generally larger than the precursor. Further discussion
on this approach will focus on mechanical processes, gas phase synthesis, vapour
deposition and colloidal or liquid phase methods. The characteristics of particles

synthesised may vary substantially, depending upon the technique used [11].



2.1  ‘Top-down’ production

In top-down production the bulk material is reduced to nanoparticles by structural
fragmentation, which may be combined with a solid state chemical process such as
oxidation chemical reduction. Techniques mostly involve ball milling, laser ablation,

sputtering and chemical etching.

Ball milling

Due to its simplicity, relatively inexpensive equipment, ease of up-scaling and
applicability to almost all materials, ball milling has been extensively used to make
nanoparticles. The challenge is to achieve mono-dispersion and prevention of
contamination. Nanophase silicon powder can typically be produced by milling N-type
and P-type single crystalline material in the form of grown silicon wafers or bulk silicon
metal, milled to 50-100 nm particle size [12]. The size of the particles is however
normally too large to exhibit quantum confinement effects. Solid phase reactions offer a
way to produce silicon nanoparticles with reduced size (5-15 nm) [13]. The milling
process, with the reaction C + SiO, — Si + CO, , may however take up to 240 hours,
and a delicate further chemical process is required to separate the particles from the
reactant [14]. In another approach, high purity aluminium powder is used as a reducing
agent in the milling of SiO, [14]. The solid state reaction 3SiO, + 4Al — 3Si + 2A1,0;
produces nanosized crystalline silicon particles of 50 to 200 nm in a ball mill over a 24

hour cycle.

Laser ablation synthesis

Another often used top down route of producing nanoparticles is laser ablation,
typically using pulsed Nd:YAG and excimer lasers with a typical pulse length of 25 ps
[5]- The laser heats a small area of substrate material, resulting in the formation of an
energetic plasma and supersaturated vapor above the substrate [15]. Particles form by
interaction and condensation inside the vapour. Variation of the laser pulse frequency
[16], backing gas type, and pressure result in nanoparticles with controllable size
distributions. The material ablation rate decreases with longer target exposure times,

and therefore the target is usually rotated. Although this method can generally only



produce small amounts of nanoparticles, in the range of 5 to 100 nm, laser ablation can

vaporize materials that cannot be readily evaporated.

Etching

Highly uniform silicon nanoparticles, in the 1 to 5 nm range, can be produced by
electrochemical etching of bulk silicon. A silicon wafer is gradually and slowly dipped
into a hydrogen fluoride or hydrogen peroxide solution in the presence of an external
current originating from a platinum cathode. The current density will determine the

particle size formed [17].

Sputtering

In sputtering, an inert gas is ionised by a high voltage potential resulting in the ions
being accelerated towards a precursor metal target. The sputtered material released on
impact will form a supersaturated vapour that will condense upon cooling. This
technique has been used to produce Si nanopowders in a hydrogen-rich plasma and are
reported to resemble particles produced by chemical vapour decomposition of
hydrogen-diluted precursors [18]. In another sputtering process, condensates were

collected directly from the cold surface of a liquid nitrogen trap [19].

Spark synthesis

Nanoparticles can be created by a high-current spark between two electrodes of
materials with high melting points, such as silicon [5]. The reproducible process
generates only a small amount of nanoparticles [15] but, in the absence of an inert gas,

is suitable for oxide production [20].



2.2  ‘Bottom-up’ production

In bottom-up production the precursors are chemically different species, usually in the
form of a liquid or gas. Through chemical reactions, nucleation condensation and
agglomeration, solid particles are formed, that are physically larger than the individual
constituents of the precursors. In general “bottom-up” production methods can be
grouped into two classes, wet or colloidal chemistry and vapour phase synthesis as

described below.

Colloidal chemistry

The basic principle of wet chemical synthesis of nanostructured materials is to initiate
chemical reactions, and to control the nucleation and growth of the reaction products.
As the particles are already in suspension, this route offers a good control of quality and
reduced agglomeration, through the design of inter-particle forces. Furthermore
nanoparticles can be made to tight tolerance specifications (mono-dispersed), and the
chemical composition and morphology can be closely controlled. The disadvantage of
liquid-phase processes is that washing, drying, and calcining are often required [21]. As
an example, hydrogen terminated silicon nanoparticles can be produced by the reaction
of Mg,Si and SiCly [22], but due to the numerous temperature regimes, reflux stages
and drying cycles, synthesis takes longer than 2 days to complete. In another process,
silicon nanoparticles in the 1-5 nm range are produced by reacting Zintl phase
precursors with silicon and various solvents to produce group IV nanocrystals with
passivated surfaces [23]. Similarly, a convenient one-step process, based on the thermal
reduction of N, N’-di-tert-butyl-1,3-diaza-2, 2-dichloro-2-silacyclopentane in the
presence of trioctylphosphine oxide and Li metal, has been reported to produce silicon

particles in the 5 nm diameter range [24].

Vapour phase production

The process of chemical vapour synthesis has great flexibility in producing a wide range
of materials and can take advantage of the huge database of precursor chemistries that
have been developed for related CVD processes. The precursors can be solid, liquid or

gas at ambient conditions, but are normally delivered to the reactor as a vapor [15].



Most, but not all, nanoparticle synthesis methods in the gas phase are based on
homogeneous nucleation of a supersaturated vapour, and subsequent particle growth by
condensation and coagulation [S]. Supersaturation is the state of any vapour whose
pressure exceeds that at which condensation usually occurs at the prevailing
temperature [10]. Immediate quenching is favourable for the formation of small
particles [15] and limiting aggregation [5].

When continuous film growth occurs through chemical reactions at a substrate, the
process is generally referred to as chemical vapour deposition (CVD). Most vapour
phase production is suited to a continuous process, unlike colloidal synthesis that is
carried out in batches, and takes hours to days to synthesise [15]. Furthermore, among
all the synthesis techniques, gas-phase synthesis is one of the best techniques with
respect to size mono-dispersity, typically achieved by using a combination of rigorous
control of nucleation-condensation growth, and avoidance of coagulation by diffusion
and turbulence, as well as by the effective collection of nanoparticles [4]. A closer look
at a number of vapour phase process, with emphasis on silicon nanoparticle production,

follows below.

1. Furnace pyrolysis
In this approach, vapor phase precursors are brought into a hot-wall reactor under
conditions that favour nucleation of particles in the vapor phase rather than deposition

of a film on the wall.

2. Spray pyrolysis

In spray pyrolysis, very small droplets of precursor solution are injected directly into the
hot furnace. In this simple process, reaction often takes place in solution in the droplets,
followed by solvent evaporation. High concentrations of non-agglomerated Si
nanoparticles having diameters in the range of 10-40 nm can be produced with this
method [25]. The size of the particles can be adjusted by controlling the initial precursor
concentrations used in the spray. Furthermore, compared to calcined sol-gel-derived
powders, particles produced by spray pyrolysis are more crystalline and less

agglomerated [21].



3. Flame pyrolysis

Flame reactors are one of the most common reactor designs for the production of high-
purity, mostly oxide, nanoscale powders in large quantities. The flame provides the
energy to evaporate the precursors and to drive the chemical reactions. Powders, liquids
or vapours can be used as precursors. Due to the high energy density in the flame, the
precursor can reach temperatures as high as 2400 °C which is crucial for primary
particle formation [4]. The coupling of the particle production to the flame chemistry,
however, makes this a complex process that is rather difficult to control [15], which
although inexpensive, usually yields agglomerated oxide particles [S]. This process
often relies on the rapid quenching of the flame aerosols to rapidly slow down particle
growth downstream of the nozzle, thus preserving the particle size and morphology of
the upstream aerosol [26]. Due to the flame chemistry the technique is not suitable for
silicon nanoparticle synthesis, but has been used for silicon oxide powders in the 15 to

20 nm size range [9].

4. Laser Pyrolysis

Laser pyrolysis allows highly localized heating and rapid cooling of the reactant gas.
Heating is generally done using an infrared (CO;) laser, whose energy is absorbed by
either one of the precursors or an inert photo sensitizer, such as sulphur hexafluoride.
Gas-phase decomposition of the reactants takes place due to the temperature increase,
and supersaturation is created, resulting in nanoparticle formation. SiH4 pyrolysis results
in Si nanoparticle formation [5,15,27]. The process allows good control of the
composition, shape and size distribution of the resulting powders [28], and, dependant
upon the parameters, may lead to high-purity silicon crystallites with diameter between

2 and 20 nm [29], or to amorphous particles with similar size distribution [30].

5. Plasma pyrolysis

Yet another means of providing the energy needed to induce reactions, which lead to
supersaturation and particle nucleation, is to inject the precursors into a thermal plasma.
This generally decomposes them fully into atoms, which can then react or condense to
form particles, when cooled by mixing with cool gas or expansion through a nozzle

[15]. Pure single crystalline silicon nanoparticles can be produced by microwave

10



induced plasma pyrolysis of SiHs in a low pressure flow reactor. The reactor consists
mainly of a quartz glass flow tube, into which the premixed reaction and dilution gases
(SiH4, Ha, Ar) are injected. The microwave energy is coupled into the gas flow, forming
flame-like plasma. Particles with diameters in the range 6 to 11 nm are produced by
controlling the precursor concentration, gas pressure, and microwave power. The
benefit of this technique is its relative simplicity and its scalability, which allows it to
deliver macroscopic amounts of nanophase material. Silicon nanoparticles produced in

this way are crystalline [31] and usually isolated and spherical in shape [32].

6. Hot wire chemical vapour deposition (HWCVD)

HWCVD involves the decomposition of a precursor gas at a heated catalyst, usually a
wire or filament, producing radical species which react in the gas phase, and deposit
onto a heated substrate. In the case of higher pressure, gas phase nucleation and particle
growth is possible. HWCVD is a suitable deposition technique for preparing various
devices and thin films, which can be superior to devices made with conventional plasma
enhanced CVD [33]. High-efficiency a-Si:H solar cells and high performance thin-film
transistors can be produced. At the same time, the technique is much simpler to set up
and control than any of the other techniques mentioned [34]. The key parameters in
synthesis with HWCVD are: pressure, filament temperature, substrate temperature, and
precursor flow rate, dilution of the precursor with hydrogen or other gases as well as

system geometry. HWCVD will now be discussed in more detail in chapter 3.
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3. HOT WIRE CHEMICAL VAPOUR
DEPOSITION

In the previous chapter, a number of possible nanoparticle production techniques have
been discussed. In this chapter the focus will be on the HWCVD technique, and its

possible use for the synthesis of silicon nanoparticles.

HWCVD is primarily used for the deposition of thin films and thin film electronic
devices. Applications include the production of high performance thin film transistors
[34], high-efficiency solar cells [33] and silicon nanowires [35], as well as various other
devices with a performance that can be superior to devices made using conventional
plasma enhanced CVD (PECVD) [36]. Other applications of HWCVD include
protective coatings such as a-C:H [37] and Teflon [38].

HWCVD of silicon saw its birth in 1979, when Wiesmann et al. [39] reported a method
which could produce hydrogenated amorphous silicon (a-Si:H) films at high deposition
rates. But the electronic properties of films produced were inferior to films grown by
PECVD. The technique was thus not really pursued until 1985, when Matsumura et al
[40] demonstrated hydro-fluorinated amorphous silicon films of high electronic quality,
using silicon difluoride and hydrogen precursors. A year later Matsumura produced
high-quality a-Si:H under similar deposition conditions [41], and called the process
“catalytic CVD” , believing that the reaction of the hydrogen and silane, at the hot
filament is catalytic. In 1988, Doyle et al [42] also grew high-quality a-Si:H under
similar conditions, naming their process “evaporative surface decomposition”, due to
the efficient decomposition of a low-pressure source gas by the filament, to produce
deposition radicals. The process was later renamed “hot-wire assisted CVD” by Mahan
et al [43], who thoroughly compared a-Si:H grown by HWCVD with that grown by
PECVD, leading to renewed research activities and interest in the technique. Compared
with the extensive research in physical vapour deposition (PVD), there has been less

work on understanding the initial stages in chemical vapor deposition (CVD) processes,
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despite the technological and commercial importance of CVD-based manufacturing
systems [44].

The HWCVD technique is much simpler to set up and control than any of the other
techniques mentioned [34], and can also be scaled up easily. Uniformly deposited a-
Si:H films of over 1 m? have been reported [34]. But, although hydrogen terminated
silicon is an attractive starting point for the synthesis of novel modified silicon surfaces,

little investigation has been done on hydrogen terminated silicon nanoparticles [22].

3.1 The HWCVD process

As illustrated in Figure 3.1, HWCVD is a technique that involves the decomposition of
a precursor gas on a heated refractory metal filament, to produce radical species, which
are believed to be responsible for thin film growth (Figure 3.1 (a)) on a heated substrate.
Under certain conditions radicals might also react in the gas phase and, through
nucleation, condensation and agglomeration are believed to grow into nanoparticles, or

produce low quality films (Figure 3.1 (b)).

The filament not only supplies the heat for the precursor pyrolysis, but also has a
catalysing function. Tungsten and tantalum are the materials most often used as
filaments. The dissociation rate of silane directly depends on the filament temperature
[45], with a minimum temperature identified for silane dissociation at 1400 °C [42].
Dissociation may increase significantly if the temperature exceeds 1500 °C [33]. At low
temperatures, the silane will react with the metal of the filament, forming silicide on the
surface. This affects the filament resistance, making it difficult to reproduce the process,

and may lead to premature wire breakage [34].
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particles from vapour phase reactions and nocleation.

The dissociation by the catalytic filament produces a number of species, including
radicals, in the gas phase. These may further react in the gas phase. with some commeoen
reactions being [43]:

H + SiH, — SiH; + H-

H + SiH; — SiH: + Hs

SiH; + SiH; — - SiH;+ SiH»

Si + SiHy — SiyHz + Hy

SiaH: + SiH; — SI:Hy + He

It should be noted that the full list of pessible vapour phase reactions. including clusters
and leading to particle lormation, has been extended. to 33, through numerical
investigations [46]. At the same time 14 surface reaction mechanisms, including stlanes.
silytenes, siticon hydrides and silicon clusters have been sugpested [46]. Research inte

vapour phase reactions and particle production is ongoing.
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During the initial stage of film deposition, radical species adsorb onto the substrate
surface as adatoms, diffuse, and then either aggregate with other adatoms, to create new
islands, or are captured by existing islands to cause island growth. Defects on the
substrate, may trap the diffusing adatoms and additionally, islands can be mobile,
deform their shape, and dissociate [44]. The quality and characteristics of the layers
greatly depends on variations in the HWCVD parameters. These parameters are
pressure, filament temperature, silane dilution ratio (with H,) and substrate temperature,

each of which is briefly discussed below:

e  Pressure

The pressure directly effects layer quality. In general, if the pressure is low enough, the
reactive species are transported to the substrate without gas-phase particle formation,
which leads to denser and higher quality films [33,47]. At higher pressure, there will be
more gas-phase interaction, leading to porous films with poor quality. The deposition
rate can also be linked to pressure and is reported to be low at low pressure, increases

with medium pressure (0.1 mbar) and then decreases at high pressures (>4 mbar) [48].

¢ Filament temperature

In combination with favourable choices of other parameters, the filament temperature
can be directly linked to the properties of the films deposited. In general amorphous
material will be deposited for filament temperatures lower than 1650 °C and

nanocrystalline material at filament temperatures higher than 1750 °C [49].

e Hydrogen dilution ratio (H2:SiHy)
In general, a consistent enhancement of the crystallinity can be achieved with increase
in hydrogen dilution ratio [50], while amorphous layers are generally obtained in pure

silane or in low dilution {47].

e  Substrate temperature
High temperature substrates (>300 °C) promote denser film growth and increase
crystallinity. A decrease in the substrate temperature (<200 °C) promotes an increase in

the hydrogen content and a lower sub-gap absorption in a-Si:H [47], and may lead to
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layers that are disordered, and highly defective. The dominant defects can be micro
voids, decorated with hydrogen, in contrast to the smaller dangling-bond defects seen in

high-temperature grown samples [51].

Lower range Higher range Suggested favourable
conditions for particle

(Film properties (Film properties growth

expected) expected)
Pressure (ubar - range) (mbar - range) Higher pressure
(operating) Dense [47] Porous [47]

Crystalline [48] Amorphous

Low deposition rate High deposition rate [48]
Filament (1400-1600°C range) (1600-2000°C range) High temperature
temperature | Amorphous [52] Crystalline [52]

Filament degradation
Hydrogen Slow growth rate Fair growth rate Full range to hopefully
dilution Amorphous [47] Crystalline [47] [50] control crystallinity
Substrate (<300 °C range) (> 300°C range) Low, if possible room
temperature | Disordered and | Dense temperature or cooled,

defective [51] to prevent film growth.

Table 3.1: General tendency of thin films to acquire properties under the mentioned
conditions

The parameters, and their effect on film properties, can be summarised in the form of a
table (Table 3.1). Due to the many combinations of these parameters, and variances in
results, only the general tendency of the films to acquire specific properties under lower

and higher parameter values is given.

3.2 HWCVD for nanoparticle synthesis

The overview has shown that HWCVD is a suitable deposition technique for preparing
thin films with good performance. But, almost without exception, the focus of HWCVD
research published has been on understanding and improving thin films, and not on
nanoparticle synthesis. An interesting exception from this focus has been the report of
the formation of powder as a frequent by-product of silicon chemical vapor deposition
(CVD), due to gas-phase chemical reactions that lead to homogeneous nucleation [53].
Of further interest is the theory of charged clusters (TCC) proposed by N.M. Hwang

[35,54-56], which suggest that the formation of many thin films is not as a result of
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atomic deposition, but rather by the gas phase formation of nanoclusters, that form the
growth particle of the thin film. In another experiment by the same group [57], it is
suggested that neutral clusters attach themselves on to the growing surfaces randomly
by Brownian coagulation, leading to highly porous skeletal structures, or the so-called

“snowing”’ phenomenon.

The relative simplicity of HWCVD [34], as well as the references above, could be seen
as supporting the hypothesis, that silicon nanoparticles, in powder form, can be
synthesised with HWCVD equipment. Since this research is no longer concerned with
film deposition, but with the production of nanoparticles through gas phase pyrolysis, a
more appropriate name for the technique is thermal catalytic pyrolysis (TCP). To help
with the specification of this system, the minimum and maximum parameter values,
gained from the literature are summarised in (Table 3.2). The last column indicates the

range to be considered.

Pressure (operating) 10 pbar 66 mbar 30 pbar — 30 mbar

Filament temperature | 1400 °C 2000 °C 1500-1900 °C
Flow rate (total) 10 sccm 200 sccm 10-100 sccm
Hydrogen dilution 0% 97% 0-90%

Substrate temperature | 200 °C 850 °C As low as possible
Filament 0.25mm (W), 0.25mm (Ta) | 0.5mm W 0.5mm W

Table 3.2: Minimum and maximum parameters as reported in the literature and range to
be considered for the system to be assembled

In the next chapter the design and construction of a TCP system will be discussed in
detail. Furthermore, the system will be tested under production conditions and its

performance, will be evaluated and discussed.
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4. THERMAL CATALYTIC
PYROLYSIS SYSTEM

In the chapter 3, the possibility of using thermal catalytic pyrolysis (TCP), as a
production method for silicon nanoparticles was investigated. A vacuum system with
gas supply, reaction chamber and instrumentation, is now required to test the suitability
of the TCP process for silicon nanoparticle production. In this chapter, the design and

construction of a TCP system, as well as its performance, will be discussed.

Before starting with the design and assembly of the system, the operating pressure,
filament and substrate temperature, as well as hydrogen dilution need to be considered.
The considerations discussed in chapter 3, see Table 3.2, offer some guidelines. For thin
films, depositions have been made with the precursor ranging from 100 % silane, to a
hydrogen dilution as high as 97% [58], and sometimes the silane is diluted with He
[59]. Operating pressures may vary from 10 pbar or lower [60], up to 66 mbar [47].
Flow rates may be as high as 200 sccm [61], but are mostly in the 20-60 sccm range
[33]. The literature, in general, shows that both tungsten and tantalum filaments of 0.25
to 0.5 mm diameter are most often used. The filament temperature is usually not lower
that 1500 °C [52], or higher than 2000 °C [60] but is most often between 1600 — 1800
°C [33], while substrate temperatures of 300 — 850 °C [47] are reported. It appears that
Corning 7059 glass is frequently used as a substrate, although various orientations of

silicon are also reported, depending on the application.

After consideration of the process conditions above, the system is designed for a
pressure of 0.03 to 30 mbar, a filament temperature of up to 1900 °C and a flow rate of
10-100 sccm. The substrate, which only serves as a collector, will not be heated for the
current research. Furthermore the basic components of the system will comprise a
reaction chamber and vacuum system, gas supply and control, hot wire power supply, as

well as other instrumentation.
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In nanoparticle production, health and safety should be of primary concern. Toxic,
flammable and potentially explosive precursors are not uncommon, and precautions
must be in place to prevent and contain accidents. Silane, which is the predominant
precursor for silicon deposition in many processes, is pyrophoric and will burn if in
contact with air. A mixture of silane and hydrogen can form a highly explosive mixture
if uncontrolled oxygen penetrates the chamber. Another risk is the toxicity of
precursors, as well as possible by-products from chemical reactions. Materials safety
data sheets [62], as well as possible chemical reactions of the species involved, should
were studied carefully and precautions implemented to prevent accidents. Furthermore,
the potential exposure to nanoparticles can pose a health risk. While liquid phase
production will greatly limit the number of airborne particles [11], the risk of exposure
is expected to be greatest where nanoparticles are manufactured in the gas phase and

harvested as a dry powder.

4.1  System overview

An effort was now made to assemble a system that satisfies the above requirements. The
system as constructed will now be described, starting with the overall system diagram
shown in Figure 4.1. Starting at the right of this figure, gas supply lines feed hydrogen
and nitrogen from outside the building to the gas control console inside the laboratory.
The silane line enjoys additional safety precautions, namely a stop valve at the cylinder
and an additional stop valve where it enters the laboratory, and a connection to electrical
earth lines. In order to flush the silane line after use, the nitrogen line, protected by a
non-return valve, connects directly to the stop valve at the silane cylinder. As can be
seen in the centre of Figure 4.1, all gases which are regulated to lower pressures and
pass through flow meters (ABB Purgemaster Series A6100), connect to the gas
manifold, which through a stop valve, connects to the gas inlet pipe at the reaction
chamber. This is the only gas inlet into the chamber. To record, for safety purposes, the
contents and pressure of the silane line, it has been colour coded (record sheet attached

in Appendix A).
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On the left of Figure 4.1, the reaction chamber (reactor) including the filament holder,
substrate holder, shutter and carousel can be seen. From the bottom plate, the chamber
connects to a pressure regulator valve, manifold and rotary vacuum pump at the bottom
of the figure. Excess gas is released through the exhaust directly into the atmosphere,
where the silane reacts with air to form silicon oxides. Instrumentation, shown in Figure
4.1 around the reactor, includes two pressure gauges, a thermocouple, the filament

power supply, and the current and voltage meters.
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Figure 4.1: System diagram
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Figure 4.2 shows the thermocouple readout unit, pressure gauge indicator, variable

transformer and filament power supply for the system.
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Thermocouple read-cut

Pressure gauge indicator

Variable transformer

Filament power supply

Figure 4.2: Instromentation for system contirol

4.2  Reaction chamber

Before constructing and assembling the svstem, the material safety data sheet of silane
[62] was comsulted to delermine safe handling of silane. The Scoul Specialty Gases
design and salely handbook [63] was also consulted {o find oul which materials may
react with silane. Brass, stamless steel (303 and 316}, alunmmum. copper, PCTFE,
Teflon. PVC. polycarbonate, Viton, Neoprene and polyurethane are histed as usable
materials. A previously used. compact. stainless steel eylindrical chamber with inside
diameter and height of 130 mm and volume of 2.65 litres 15 used for the reaction
chamber as shown in Figure 4.3, There are two NWA0 and two CH40 ports on the side
of the cylinder. The CF40 tlanpes have been fitted with quantz view-ports, while the
others arc uscd for the filament holder and the shutter mechanism. Three more NW40
ports can be found at the bottom of the base plate, and two tvpe NW10 flanges on the
top of the cvhnder. All fanges and enley ports to the chamber are sealed wath Viton O-
rings. As shown in Figare 4.3, the chamber is mounted between the gas conlrol panel
arul the instrumentdaiion rack, on a sleel frame. Also shown, 1s the copper pipe which

was wound around the chamber to cool it. The 14 wms of 4 inch copper pipe are

21



wound around the chamber and connected to a waler supply. A flow rate of 2 hitres per

mminute cools the chamber to = 30°C on the outside.

Vacuum gauge (Chamber)
Gas inlet

HWCWD reaction chamber
Shutter magnetic rotatar
Water cocling colls
Pressure Adjust valve
Magnetic carousel rotator
Ampere meter

Timer

Carousel position memary
Wacuum gauge (Pump)

Vacuum pump outlst

Figure 4.3: Reaction chamber and instrumentition

In Figure 4.1 the relative positions of the parts of the chamber are given. The two view-
ports are not shown. The distance from the filament 10 the substrate 1s 30 mm, and to the
base plate 80 mm, while the gas feed pipe which points direetly at the filament 15 30 mm
from its centre. The NW10 langes, al the top of the reactor, are used for the gas feed
and for the vacuwn gauge. while the flanges at the bottom plate are used for the vacuum
puinp connection, the carousel rotation, and the thermocouple feed-through. To deliver
the precursor gas dircetly to the filament, a pipe is welded to a NW 1} conncctor and

slightly bent so that it reaches the centre of the chamber,
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Yacuum gauge

Gas inlet pipe
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Magnetic shutter rotator

Shutter

Aperture plate
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Carousel (Substrate holder)

Carousel cooling

Base plate
Wacuum pump outlet
WMagnetic carousal rotator

Thermacouple

Figure 4.4: Reaction chamber functional dreawing

At the bottom ol Figure 4.4, lhe position of the magnetic carousel rolator, the carousel

cooling pipes, and the thermocouple, as well as the vacuum pump outlel are clearly

shown. As indicated in Figure 4.5, the ports on the side ¢l the reactor are positioned at

angular imtervals of 12079, 105°, 45" and 90°, and their centre distances arc all 80 mm

[rom the bottom plate. The bottom plate ports can be lound on a pitch circle of diameter

of 80mm and are cqually spaced at 120° intervals.
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Fizure 4.5; Top view of reaciion chamber design
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The main purpose of the shutter is to enable depositions under controlled conditions and
time periods. The shuller 15 typically closcd while the system s prepared for, or
between, depositions, A circular sliding shutter, operated by moving a strong magnet on
the outside, was initially used, but was later replaced with a rolaling shulter, operated by
a magnetic rotary teed-through, The shutter, as seen in Fignre 4.6 is in the form of a
wide. open speon. In its open position (as shown), the shutter shields the view-ports

from the filament and when closed shields the substrate,

Reaction chamber
Filament halder

Gas ppe

Filament

Rotating shutter plate

Yiew port

Shutter magnetic rotator

Figure 4.6: Filament, aod shutter, and gus inlet relative positions

A filament holder, shown in Figure 4.7, was constructed by using an NW40 electricat
feed-through flange, and mounting two stainless steel rods of 6 mm diameter, cach to
three of eight electricat contacts, Contact blocks with M3 screws. fasten the filament to
these rods. A special connector. with 4 mim electrical {banana plug) sockets was cast in
epoxy resint 1o (or the oulside of the elecirical feed-through. Three parallel cables were
found suiable to supply an AC current of up ta 30 A to the tilament. Markings on the
matching (langes of the reaction chamber, l1lament holder, and gas supply pipe, ensure

aceurate positioning during assembly.
MNW40 flange
Special Connector

+—— Eanana plugs

Figure 4.7 Electrical Feed throngh into chamhber
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Afler investigating glass, silicon erystal, quarty. and stainless steel. the latter is used asa
substrate, It 15 cheap, available, and easy o work and clean, and lends itself well for
later up-scaling. Stainless steel plates {tvpe 304 and 1.2 mm thick) were cul o
octagons with 28mm, being the distance between any opposite sides, The substrales are
numbered by punch marks on the bottom side of the plates. A numbering system, with
I to & punches in the centre. and 1 to & punches on the side of the plate, allows the
marking of 36 mndividual and identifiable substrates. Duc to the fact that the substrate
temperature strongly influences the film properties in LIWCYD [45], and since this
system is primarily aimed at the synthesis of powders or loose particles, the substrate
must function as a collector plate only, and be maintained at a constant low temperature,
After initial experimentation with a substrate holder for single substrates 1t was found
{Figure 4.13) that the radiation of the filament substantially heats the substrate over
time, The substrate holder thus has to be cooled. Furthermore, no load lock is available
m the svstem o ease the interchanging of substrates. These considerabons lead W the
design and manufaciure of the cooled carousel shown in Figure 4.8, It consists of a
cooled carouse] support, the earpusel with 6 numbered subsirale compartments, and the
aperture plate, which covers all bul one compartment and 15 1 turn covered by the

shutter (not shown here). A magneihe rotaling feed-trough. conneeted through one of the

bottom flanges, turns the carousel.

Substrate
Carouse|
Carousel support
Aperure plate
Carousel cooling

Figure 4.8: Carousel with (left) amid without {right) aperture plate

A K-type thermocouple, protected in 2 mm diameter stainless steel tubing. penetrates
the chamber through a 1716 inch male NTP threaded pipe connector, which is fastencd
to a WW40 blank cover flange. The thermocouple is in direct contact with the bottom of
the carousel al the position of the aperture. For temperature measurements of the

chamber wall and single substrate, the thermocouple was extended and bent to reach the
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new measurement location. A digital temperature controller (REX — S400 from RKC

Instrument Inc.) is used as a temperature read-out.

4.3  Vacuum pump and gas handling

An Edwards E2M8 Rotary pump with 8 m’h” pumping capacity is used, which
achieves a minimum pressure of 4 x 10° mbar. To prevent reactions with the silane
Alcatel 200 oil is used in the pump. Due to the explosion risk of the silane and
hydrogen, the exhaust from the pump must be handled with care. A liquid trap and tube
oven (800°C) were investigated, but a simpler solution proved to be safer to manage. A
Y inch stainless steel pipe is connected directly from the vacuum pump outlet to the
outside, with a 90° downward bend at the end. In later tests with total flow rates into the
reactor of up to 100 sccm, and 20 to 80% dilution with hydrogen, as well as cold to
1900°C filaments, the exhaust performs well and safely.

The flow rate recorded by the flow-meters is dependant on the viscosity, temperature
and pressure of the specific gas. For silane the standard values are: 1.08 x 10 Poise,
21°C and 2 bar, respectively. Calibration data (CD Calc version 13.03) was used to
make replacement gauges for the flow meters, which make it easier and safer, to
manually set and maintain the desired flow rate during the synthesis. Table 4.1 indicates

the new meter values as calculated.

Original scale
on flow-meter New scale calibrated for gas
Dy, Dy D g4
(cm*/min) (cm*/min) (cm’/min)
3 3.8 3.8 2
6 41 41 215
9 99 119 58

Table 4.1: Mass flow meter calibration table
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4.4  Filament and power supply

As discussed in chapter 3, the hot filament is the key component in IIWCVD systems.
Both tungsten and tantalum have becn reported as suitable catalytic materials. but
usually (.3mm diameter tungsten wire, mounted straight. in a coil [64] or even a basket
|49] 15 used. The spiral shape of a coil allows a longer wire per volume, and may reduce
stress in heating and cooling eveles. and furthermore minimises the sagping effect [34].
For this system a 0.53mm diameter tungsten wire of 99.95% purity is used. The wire
tvpically contains, in parts per million, by weight: Al 10, Ca <10, Cd <2, Cr <3, Cu <10,

Fe 20, K 50, Mg <4, Mo 40, Na 5, Ni <10, Rb 2. 5145, 113, N 6, G 15. 5 5 [65].

Mﬂiﬂif/
i

Figure 4.9 As manufactured tungsten filaments

Filaments (Figure 4.9) are comstructed by winding 14 tums of tungsten wire onto an M6
thread, viclding repeatable products, with inside diameter of 6 mm. a widih of 16 mm
and total wire length of 30 =3 mm, The filament is directly mounied on 2 stainless stecl
rods with diameter 6 mm, and the rods are dircetly fastened to an NW440 electrical feed-
through. The length and position of these rods puts the filament in the centre of the
reaction chamber, and in full view of the view ports. This is important, as the
pyvrometer, used to determine the filament temperature, requires line of sight.

The filament has a low resistance. which requires a high current and low voltage power
source Lo heat. To deling this power supply for the {ilament, rough indications of current
and voliage wili be calculated. A wire length ol 25 mm and temperature of 1700 °C will
be used in caleulating the resisiance from first prineiples. Energy losses due to

convection and chemical reactions in the chamber will not be taken into account.
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Firstly, the wire resistance (in {2) at room temperature for a length L is calculated from
R = p— ) (4.1)

where A is the cross section area (19 x 10®m?), and p is the resistivity (5.6 x 10® Qm

for tungsten) of the filament material. This gives a value R =0.0737CQ.

[t is now possible to calculate the wire resistance R, at the operating temperature 7, ,

using:
R, =R(1+a(T,-T)), (4.2)

where « is the temperature coefficient of resistivity (0.0045 °C™" for tungsten), and 1 is

the temperature at which the resistance ( R, ) is known. At 1700°C, R, =0.63Q.

The power required to heat the filament to the operating temperature is calculated using

the Stefan-Boltzmann equation [66]. The energy radiated from the filament is

A—Q—zgo'AT4, (4.3)

At

where & is the emissivity (0.44 for Tungsten at 21 °C) and ¢ the Stefan-Boltzmann

constant 5.67x10® Js'm?K™ A4 is the surface area of the filament, and 7' the
. . AQ . o
temperature in Kelvin, and A is the power needed to maintain the filament at the
!

given temperature. The result is 145 Watt.

The equation/ = \/g , derived from Ohms law ( P = IV ) results in a current of 15.2 A at

a voltage of 9.6 V. These two values define the required power supply.
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A simple AC/DC power supply is constructed (Figure 4.10) from a used 300 VA
transformer. with a capability of 20 A at 23 ¥, up to 50 A at 10V, maximum. lo
control the filament temperature a 1 kW variable transformer 15 cotmecied w the mput
of the power supply. A change in voliage on this vanable trans/ormer leads 1o a change
in voltage and current in the [lament, whieh leads to g change m temperature, The

details of the design wall not be discussed in desnl.

AN AD Mars epr

: Variabke Transformer i Powir Supply
! 2
HE - - ; 1

Ex
varahla wams
TIErEnTE

Figure 4.10; Schematic diagram ol the as-boill power supply

The performance of the constructed power supply was tested experimentally. and 1l
achieves a maximuwm altcrnating current of 18 A for a 25 mum tungsten wire and due o

the potential losses in the rectifier circuit (= 4 Vi a maximum direct current of 17 A

4.5  System performance

Filament Temperature and Current Ratio

It has been reported [34,45] that the current of"a Blament in HWCOVD systems s directly
proportional to the lemperaiure. In the svstem constructed, the filament temperatune is
controlled by regulation of the current through the filament. using the variable

transformer. An cxperiment was conducted to determine the temperature vs, current
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characteristics of the 0.5 mm diameter wngsten wire coiled tilament. The experimental

setupr 18 shown in Figure 4.11.

A LandMinaolta Cyclops 52 pyrometer, with 600-3000 °C temperatuee range, accuracy
ol' +0.5% of reading, and spectral responsc of 0.8 - 1.1 um s used. Tt s a single
wavclength instrument, which means that the cmissivity of the wire must be taken into
consideration. ‘The msirument had previously been cabibraled against  blackbody
raciators over the range 600 °C o 1600 °C at 1.2 m distance, with an emnssivily setling
of 1. The transmittance of the quarls window ol the reaction chamber was measured
with a Perkin Clmer Lambda 35, UV/Vis scanning double-beam Spectometer, 1o be

U3% at these wavelengths,

1 mekne
SOP. cikes, | e
Fower e = T, Pyromeler

Suppiy o [
{ Filarent ; SR
. |' i __t-d:::_:"':_'::-_-' Lens Tyrlops B2
-"J.I-F:nt — 1 el SN - J AR
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., Ghamber
Ay et

Figure 4,11: Seiup lor the carrent vs. temperature calibration for the filiment

The pyrometer was positioned on a stable tripod, onc meter from the filament, with the
red filter titted. The cmissivity of elomental lungsten was taken as .44, but the
instrument was sct to 0.43 to compensate for the absorption in the guarts window. The
gas in the chamber was nitrogen and the filament was heated by alternating current.
Four sets of measurements were taken at different pressures. from (.3 mbar to 30 mbar.
and the average temperature determined and plotted in Figure 4.12. To see the trends
mare clearly, data points have been conneeted. The temperature drops slightly with an

INCTERSE 1L Pressure,
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Figure 4.12: Temperature vs. Current Characteristics

Figure 4.13 shows the heating effect of the filament over time, as measured on a single
substrate, the reactor wall, and on the cooled and un-cooled carousel. The measurements
were performed under operating conditions of 0.1 mbar, 20 sccm N, gas flow, and

tilament temperature of 1650 °C.
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Figure 4.13: Rise in temperature of reactor components due to filament radiation
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As indicated in Figure 4.13, each configuration reaches an equilibrium temperature in
about 20 minutes, except for the case of the un-cooled carousel which stabilises after 35
minutes. As expected, the single substrate, 30 mm from filament, heats much faster, and
reaches higher temperatures than the carousel, which can dissipate heat through the base
plate. The cooled carousel arrives at a stable temperature between 60 °C and 70 °C
within 10 minutes, and that temperature is maintained within + 5°C. The data shows that
the temperature of the reactor wall can exceed 150 °C after 10 min, which is at the limit
of the recommended maximum operating temperature for Viton® O-rings [67]. Cooling

the chamber with water, as described previously, is therefore necessary.

Effectiveness of the shutter

The effectiveness of the shutter was tested on a substrate, positioned in the carousel, and
covered by the shutter. The system was operated for 8 minutes, with a filament
temperature of 1650 °C, at 1 mbar, and 25 sccm of pure silane. On completion of this
production cycle, the substrate was visually inspected for material deposit. No
noticeable deposit was found on the substrate, indicating that the shutter is effective in

controlling particle collection on the substrate.

Pressure range and flow rate

During system testing it was found to be difficult to set and maintain a flow rate lower
than 10 sccm on the flow meters. The CD Calc software shows that the sensitivity of the
flow meters does not double for a halving of the input pressure, and the flow meters will
have to be used as calibrated in Table 4.1. This has the implication that the minimum
flow rate for any gas will be 10 sccm. In a H;:SiH; mixture of 90:10 the total flow rate
will thus have to be at least 50 sccm and this will further, in conjunction with the
vacuum pump limitations, determine the minimum pressure at which the system can be
operated. Experimentally the minimum pressure achievable with 50 sccm flow rates is 3

mbar, and in the case of 100% silane at 10 scem it is 0.3 mbar.
Filament ageing

Tungsten filament ageing is a major concern in thermal catalytic process, and it is

associated with changing surface morphology, which leads to a decrease in filament
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temperature, deterniorated eleciric properties ol the filament, and later wire breakage
[34]. The ageing of the filament can be ascribed to layers of S-W allovs being formed
on the surface and propagating o the centre, as well as tungsten evaporation, causing
grosion and cracks [34]. In the system presented here, limitations in the vacuum pump
and flow meter sensitivity have lorced the experiments into a fairly high pressure
regime of 3 to 30 mbar, where filament ageing 15 accelerated due o gher silane
concentrations and interactions. As the filament ages in operation. its colour changes
from bright vellow-white to a darker orange, indicating a cooler temperature. while the
current and voltage indicate that the electrical power is unchanged.

Figure 4.14, shows a heated filament during operation. The difierence between the hot

region (¢) and the cracked cooler region (b) 15 apparent.

L /&: r
L”.“/ g W/ /

Figurc 4.14: Tungsten filamcent degradation. (aj Operational filament, with (b) cooler
cracked section, (c) hot less degraded section and (d) optically enlarged cold

sCCtinm

Figure 4.14{d) shows an optically enlarged section of the same filament, after 1t had
operated at 1706°C and 25 scem silane at a pressure of 1 mbar. It had failed alter 28 min
operation, Similar results have been mweported [68], in which scanmning  electron
microscopy of aged wires revealed a surface both rougher and more irregutar than new
or heat-treated wares. The morphology is thought to be charactenstic of 51 deposition,

cither as free 81t or as a silicide.
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Temperature measurement errors

During the first experiments, it was found, that the pyrometer temperature measurement
does not always correlate with the data, as given in Figure 4.12, and is consistently
lower in most cases. In a brief investigation, three likely sources of error were found:

A. Change in transmittance of the window;

B. Positioning of the pyrometer measurement area;

C. Emissivity of the filament.

Details and findings of each are discussed in more detail below.

A. Change in transmittance of the window

During the first particle production experiments, it was noticed that the window is
subjected to the Si nanoparticle deposition. At high pressures of 6 to 24 mbar this can
happen rapidly. To measure the effect on the pyrometer temperature readings, an
experiment was performed, where the pyrometer is mounted as indicated in Figure 4.11,
and directed at the same location on the filament. In a series of measurements, in 2
minute intervals, the temperature was measured. The pressure is maintained at 1 mbar
of 25 scem silane, and the current of the starting temperature of 1650 °C maintained for
the duration of the experiment. Figure 4.15 clearly shows an apparent 100 °C drop in

measured temperature over 10 min.
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Figure 4.15: Effect of glass fogging on filament temperature measurements with

pyrometer
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Although the eftect of the ageng of the lilament could not be taken into consideration,
the visibly vellow to orange deposil on the glass indicates that a large portion of the
measurement error can be ascribed to the loss i transmission due W particle deposits on
the glass. Following this experiment, the shutter is so mounted that, in its open posilion,

it covers the view port and prevents deposits on the window.,

B. Positioning of the measurement drca

A further effect noticed during temperature measurements, was the change in
temperature reading with a sbight movement of the pyvrometer, which has an optically
inserted circle in the centre of the view finder. To test the offcet of 4 misplaced circle. a
filament with 1. 2 and 3 full windings wss constructed and mounted in the reaction
chamber. [igure 4.16 has been photographed through the view tinder of the pyrometer
and shows the overlay circle as well as the different winding sections. The filament
temperature was maintained al 1650 °C, and the pas pressure at 0.3 mbar of Nz Ulsing
the same configuration as used for the Hlament current calibration as seen in Figure
4.11, four temperature readings of each section (1, 2 and 3 windings) of the filament
were laken and plotted. Sinee the current for all windings s the same, it can be asswmed
thut the temperature should be the same. The mean value of the temperature
measurements for esch scction are plotted in Figure 4.17, and show that a measurement

error of more than 220 °C can be introduced by the positioning of’ the pyrometer,

Figure 4.16: Fillament with separated 1.2 aod 3 tarns as seen theough pyrometer
For accurate comparative temperature readings. using the only available pyromelter, it 1

thus imperative 1o keep the pyrometer pointed at the same location ot the filament. and

to fabncate hilaments consistently in all respects.
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Figure 4.17: Error due to pyrometer measurement area position

C. Emissivity of the filament

The emissivity of the filament is an important parameter in the calibration of any optical
instrument used for its temperature measurement. The pyrometer used has an emissivity
adjustment, to compensate for the material measured. For elemental tungsten the
emissivity is commonly given as 0.44 [69]. As reported before, the properties of the
filament material however change during deposition, by the formation of a new
material, possibly with a different emissivity. If the single wavelength pyrometer is used
to measure the temperature of this changed filament, using the same emissivity setting,
the measurement will have an error. This emissivity change has been known and
reported in the literature [34], but is very difficult to compensate for. In fact, the change
in emissivity is ignored, and instead the filament voltage or current are kept constant to

maintain the desired temperature.
Now that the TCP system has been assembled and tested, a series of experiments can be

conducted, to determine what material will be produced, for a variation in the

parameters of the system.
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S. SILICON NANOPARTICLE
PRODUCTION AND
CHARACTERISATION

The aim of the research is to synthesise silicon nanoparticles using a thermal catalytic
pyrolysis system. In the previous chapter, the design and assembly of such a system, as
well as its performance, was discussed. The system was found to perform reasonably
well, and to be ready for synthesis experiments. In this chapter, the process and the
production, of silicon material will be described. Furthermore, the characterisation
techniques required to investigate the characteristics of the as-produced material will be

discussed.

The overall experimental process, leading to material production and characterisation,
can best be described with the help of the flow diagram in Figure 5.1. In the description,
letters given in brackets refer to the process step and corresponding letter in Figure 5.1.
Arrows in the diagram indicate the process flow direction. Starting in the top left
corner: (a) all substrates were sonicated in acetone for 1 hour, after which they were air
dried, and wiped with a clean cotton cloth. Next, each substrate was weighed (b), and
the measurements were recorded (c). The substrates were again cleaned, as described
above (d), and were stored in the clean substrate holder (Figure 5.2), ready for
production. The production process (¢) was now performed, as described in detail later
in this chapter. Upon completion of the production process, substrates were stored in the
substrate holder and the production process repeated with different parameters. After all
experiments were completed, all substrates were weighed again (f), and the data
recorded (g). The mass of the material deposited on the substrate was now calculated,
by subtracting the weight of the “clean” substrates from that measured on the same

substrate after deposition (h).
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Figure 5.1: Overall experimental process, flow diagram

For SEM mmaging (1}, a small portion of the material, deposited on the substrate, was
transferred directly to @ carbon sticker, and subjected to a carbon sputter coating, for 5
seconds. Similarly. only a smal] portion of the material was used for I'T'LR spectroscopy
{J). which process 15 descnibed 1 more detail later in this chapter. Raman spectra (n).
were initially collected dircetly from the substrate. or lrom materizl deposited on a
microscope slide.  Sammples that showed a sign of crystalline fraction, in the Raman
spectra, were faken to X-ray powder ditfraction (XRID) (p). At the end of the
experimental process, all information was collaled, correlated and the results

interpreted.
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Figure 5.2; Substrte holler, loaded with sabsirttes, covered with as-leposited material,
{Serateh marks resulted from FUIR material collection)

5.1  Powder production

The process leading to stheen material production, will now be discussed yn more detai.
starting with the choice of the parumeter space. In all experiments, silane {(S1Ha) was
used as the silicon precursor. In this research, the choice of paramelers was inlluenced
by the capabilities of the thermal catalytic pyrolvsis system. In chapter 3, paramelters,
borrowed [rom the HWCVD processes. were suggested as a guideline for the
copstruction of this system. but, due to limited components, could not be lully
implemented. Pwo ol these imitations, reported in section 4.5, atlect the chowce of the
parameter space, namely the minmmum controllable flow rate ol 10 scem, for hydrogen

and silane. as well as the lowest acnevable operating pressure of 3 mbar.

Taking these limitatiens into account, the parameter matrix, as given in Table 5.5, is
designed for the experiments. Numbers in the non-shaded area represenl the sample
numbers, and, al the same time, correspond to the number remstered on the subsirate.
Lxperiments were conducied im 3 senes, with the hydrogen dilution being fixed for cach
serigs, al the percentage 1ndicated in Table 5.5, The pressure wus vanied. as indicated 1n

the column of the table. As an cxample, sample 32 was produced on the substrate

marked 32, at &6 mbar with a hvdropen dilution of 40%,




Operating pressure
(mbar)
3 6 12 24 48
80% (Series 1) 11 12 13 14 15
Hydrogen 60% (Series2) | 21 22 23 24 25
dilution 40% (Series 3) 31 32 33 34 35
(%H,) 20% (Series 4) | 41 | 42 | 43 | 44 | 45
0% (Series 5) 51 52 53 54 55
(100% SiH,)

Table 5.1: Experimental parameter matrix

All other parameters, including the filament temperature, substrate temperature and total
tlow rate were kept constant for all experiments. As the aim of the research is
nanoparticle (powder) production, the substrates are cooled, to suit the conditions for

particle formation, as mentioned in chapter 3. All fixed parameters are given below:

Total flow rate (H, and SiHy4) 50 scecm
Filament temperature: (Tr;) 1650 °C + 50 °C
Substrate temperature: (Tgyp) 60°C+5°C
Deposition time per sample 8 min

Settling time between depositions 1 min

Cooling water flow rate + 2 litre.min™’

Using the full set of variable and fixed parameters discussed above, the system was then
used, to produce powders. The details of the production process will be described with
the help of Figure 5.3. In the following description, letters given in brackets, refer to the
process step and corresponding letter in the same figure. Arrows in the diagram indicate

the process flow.
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Starting in the top left corner; (a) Remove the filament holder from the chamber, and
replace the tungsten filament. (b) Load 6 substrates into the carousel, with numbers
corresponding to the carousel section, and mount the aperture plate on top of the
carousel. Upon completion, substrate 1 must be positioned in the aperture. (c) Close the
reaction chamber (reactor) and make sure that all ports are closed, and the gas supply
pipe is in place. Three G-clamps should hold the two halves of the reactor in place. (d)
Open the pressure regulator valve (below reactor) and (e) start the vacuum pump. Once
the vacuum has reached a base pressure of 0.1 mbar, purge the chamber twice with
nitrogen (f), by opening the stop valve, and nitrogen valve on the gas control panel. The
nitrogen flow can be set at 100 sccm. After the second purging of the reactor, leave the
vacuum pump running until a base pressure of 0.01 mbar is reached. (g) Close the
shutter, and switch on the power supply. (h) Adjust the filament current to the
corresponding temperature, consulting the current vs. temperature data (Figure 4.12). (i)
Allow the temperature of all components in the system to settle, and correct the filament
temperature (current), before continuing. (j)The precursor gas can now be introduced.
Allow 4 minutes for the system to settle, and use that time to manually adjust the flow
rate and pressure (k). Now, before starting the production, correct the filament
temperature again (1) and, correct the pressure with regulator valve (m). Once in order,
open the shutter (n) and start the timer (o). While the timer is running (p), monitor the
flow rate, filament temperature and pressure until the timer runs out (q). Close the
shutter (s), reset the timer (r) and rotate the carousel to position the next substrate in the
aperture (t). Using the parameters of the next experiment (u), repeat the process, starting
again at setting the parameters (k). Directly following the completion of the last
experiment (v), close the shutter (w), close the silane and hydrogen supply (x), and flush
the system with nitrogen for 4 minutes (y). The reactor can now be opened, and the

substrates can be removed and stored.
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Using the parameters as given in Table 5.1 each seties of experiments, comprising the 3
substrates loaded, was conducted, with & fixed bydrogen dilution ratio corresponding 1o
the chosen value for that series. while the pressure was varied, starting at the tower level
(3 mbur) and progressing to 48 mbar, with the last substrate, Upon completion of a
series. all material in the chamber was collected for possible investigation and
characterisation.

Figure 5.4 gives an indication of the different locations. inside the chamber, where

material was collecied.

¥ & )

[

Figwre 5.4: Locations in the reactor where material was collected

The stainless sleel substrates (1} wetre always stored in the substrate holder, while
material on the aperture plate (23, shutier plate (33, Olament holder rod. and gas nlet
pipe (4}, and on the reactor wabt (5} was wiped ofl with a small sihcon rubber “spatula’
and stored in marked glass sample botiles. Apart trom the substrates, only malerial that
looked markedly different in colour (dark brown) Irom that produced in the series, was

considered for characterisation.

5.2 Characterisation techniques

The aim of the research is the production of silicon nanoparticles, through thermal
catalytic pyrolysis. The as-produced material therefore has to be characterised. to venfy
that the rescarch goal has been achieved.

Starting at the macroscopic level, the position. guaniity. and colour of the material cun

be visually observed and photographed. The matenial can be touched. seraped or wiped.
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to reveal its macrostructure. Furthermore, the production rate can be determined by the
weight of material, deposited on a known surface area. For a better understanding of the
microstructure of the material, an optical microscope can be used. However, to
determine the presence of nanoparticles, a scanning electron microscope (SEM), able to
resolve Snm, is essential. EDX, a part of most SEM’s, can furthermore be used to
determine the elemental composition of the material, which is important information to
verify what has been produced. FTIR spectroscopy can also supply information on
particle composition, and notably, the absorption spectrum will show Si-O and Si-H
bonds, both important for HWCVD produced silicon.

Finally, to determine the crystalline order in the material produced, X-ray diffraction
can be employed to give an indication of order (crystallinity) and crystal orientation,
while RAMAN spectroscopy can show order and crystalline fraction. A brief summary

of the characterisation techniques is given in Table 5.2 below.

 Technique Characterrevealed ==
Morphological Visual inspection Colour, macro structure, soft/hard,
Investigation (optical photo) loose/dense etc.
Sensitive Balance Deposition rate
(Macro - and Density (if volume is known)
Microscopic) Optical microscopy Micro-structure, smooth/rough, even
(optical photo) deposit/cauliflower structure etc.
SEM Size, shape, aggregation,
(scanning electron agglomeration, surface roughness,
microscopy) microstructure
Composition EDX Elemental composition.
analysis (energy dispersive x-ray Indication of ratios.
spectroscopy
FTIR Bonding structure and elemental
(Fourier transform infrared | composition.
spectroscopy)
Micro- XRD Indication of order and crystalline
structural (x-ray powder diffraction) orientation
Investigation RAMAN Spectroscopy Indication of order and crystalline
fraction

Table 5.2: Summary of characterisation techniques suitable, and available, for silicon

material characterisation
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These are important techniques for silicon material characterisation in general, and for
the characterisation of silicon nanoparticles. Each technique will now be discussed in
more detail.

Macroscopic investigation

Macroscopic investigations were typically started with a visual observation of the
material produced. This information was captured on a digital camera, for later
reference to the position and colour of the material deposited. Furthermore, the material
was wiped and blown onto, to determine its adhesion to the surface, and to be able to

describe it as either a powder or coating.

The quantitative yield of material, deposited as thin films, is usually expressed as a
function of thickness and time (e.g. A/sec). If the material produced in this research is,
however, a powder or porous layer, this technique will not be applicable. The ratio of
the weight of the material to the substrate area and synthesis time was used to define the
synthesis rate in xg. mm™min". This unit offers a way of comparing sample yields under
different production conditions. The weight of each substrate was measured before and
after synthesis, and the area of each substrate was also determined. The substrate areas
were calculated by scanning them, using a conventional computer scanner, at 600 dpi,
and processing the image with ImageJ V1.16b software. This was calibrated at a linear
resolution of 28 mm = 132 pixels, with a pixel aspect ratio of 1. In these studies, the
weight was determined using a Mettler AX 205 with an accuracy of 10 pg. During
deposition, the total time of the synthesis per substrate was recorded.

Microscopic characterisation

In microscopic investigations, the aim is to determine the morphology of the material at
the microscopic level. It is important to determine if the material is in the form of a
layer, a porous structure or powder. Furthermore, if the material is a powder, it is
important to determine the primary particle size and shape, as well as the level of
agglomeration and aggregation of the particles. The main microscopic characterisation
technique used, for material produced in this research, was the scanning electron
microscope (SEM). A SEM forms a microscopic image by using electrons, emitted from
an electron source. These electrons are focused through electromagnetic lenses onto the

sample. As the electron beam is scanned across the sample, interactions between the
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electron and the sample, create secondary electrons, which are detected by an electron
detector. Using the raster of the scan, as well as the intensity of the detector output, a
microscopic image of the sample is formed. For this research, a LEO 1525 SEM was
used, at 5 and 10 kV settings with an aperture of 10 u. The InLens was used, and the
pressure of the system and gun were normally in the order of 107 mbar and 10™'° mbar
respectively.

Composition analysis

The main techniques used to determination the composition of the material produced are
SEM/EDX and FTIR. Energy Dispersive X-ray Spectroscopy (EDX) makes use of the
electron beam of the SEM to construct an x-ray fluorescence spectrum. This technique
offers an easy and fast elemental analysis of the sample in areas as small as Snm in
diameter. The result should, however, be seen as an indicative, and not absolute
analysis. The technique was used to determine the composition of the nanoparticles

during SEM imaging under the conditions described above.

Fourier transform infrared spectroscopy (FTIR) is an important tool in the chemical
analysis of a variety of substances, including gases, liquids and solids. It is widely used,
both in research and industry, for measurement and quality control. The technique has
also been used extensively to characterise silicon films [33,47,51,70], and recently
silicon nanoparticles [5,31,71]. Using FTIR, it is possible to obtain information about
the surface properties of a material, such as the coverage and bonding of hydrogen
and/or oxygen, and the stoichiometry of the surface oxide layer. The basic principle of
FTIR is based on the absorption of infrared (IR) radiation, corresponding to rotational
and vibrational states of bound atoms. Where resonance takes place, energy will be
absorbed. These molecular vibrations give rise to absorption bands in the infrared
region of the spectrum. The frequency, or wave number, of the vibrations can be
associated with a particular bond type, and each material will have its characteristic
absorption spectrum (fingerprint) that relates to its composition [72]. For silicon the
bands, corresponding to the bond types, are given in Table 5.5 below. Bands at 640, 840
and 880 cm™ can be assigned to the Si-H and SiH, rocking, bending and scissoring
mode vibrations, while the bands between 2000 and 2100 cm™ arise from Si-H, SiH,

and (SiH2), stretching vibrations. The Si-H, SiH; and (SiH;)n stretching modes are
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usually observed in highly porous a-Si:H films [71]. In silicon nanopowders, (SiHz),
stretching can therefore be expected at 2100 em™’. A Si-O absorption mode should be
found at about 1070 cm™’, and O-H bending at 1630 cm™. Si-O-Si and O-Si-O wagging
modes should appear at 2250 cm™ and 460 cm’’ respectively [71]. Figure 5.3 offers a
summary of the absorption peaks for silicon. To perform the FTIR measurements, Si
powder (less than 1mg) was mixed with 100 mg of KBr (potassium bromide), which
was previously dried for 8 hours at 120 °C in an oven. The mixture was ground together
in a marble mortar, and formed a powder of uniform colour. This powder was pressed
with a 10 ton force, for 5 minutes, under a vacuum of about Imbar, into a semi-
transparent disk of 12 mm diameter and a thickness of 0.25 - 0.5 mm. One blank KBr
disk was also pressed to serve as a reference. A Nicolette — Nexus 470 FT-IR
spectrometer was used to capture the absorption spectra of the samples. The IR spectra
of the KBr reference disk was recorded first, and used to compensate for absorption in
the KBr and atmosphere. Using the instrument in transmission mode, the spectra were

recorded in the 400 - 4000 cm’' range, in steps of 2 cm’.

Wave What the band indicates:
number
(em™)
Stretching Scissoring/Bending Rocking Wagging
460 0-§8i-0 Surface oxidisation
630-640 Si-H, SiH, Si-H, SiH,, SiH;,
(SiHy),
840 SiH,,
(SiHy),
880 Si-H, SiH, Surface-bound hydrogen
942 O-H, Si-OH Surface-bound hydroxyl
groups
1070 Si-O Partial surface oxidisation
1630 O-H, Si-OH Si-O-Si Surface-bound hydroxyl
groups
2000 - Si-H Surface-bound hydrogen
2050
2070 - SiH,, In thin films - highly
2100* (SiHy), porous or indicate
particles.
(large void fraction)
2142% Si-H Particles partially covered
by hydrogen
2250* Si1-O-Si Surface bound oxygen

Data in this table collated from: [71],[31], [73]

Table 5.3: a-Si:H infrared absorption peaks and indication of cause
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Microstructural characterisation

XRD and Raman spectroscopy were the main techniques, used for microstructural
characterisation of the material produced. While XRD was used to check the crystal
structure and phase composition of the material, i.e. Si or SiO;, Raman spectroscopy

was mainly used to determine the crystalline fraction of the material.

X-ray diffraction (XRD) is a powerful technique that is used to identify the phases and
crystal orientation in crystalline materials. Each type of material generates a unique
diffraction pattern, which can be matched against the database [74] of experimental or
calculated patterns of a reference material.

XRD is based on Bragg’s law, which results in a simple equation:

nA=2dsiné, (5.1)

relating the x-ray wavelength A and the diffraction angle &, with the inter-planar
spacing d , where n is an integer. This equation is simply the interference condition for
radiation diffraction by a set of uniformly spaced atomic planes, and » can be seen as
the order of diffraction.

Silicon is a four-fold coordinated atom that is normally tetrahedrally bonded to four
neighbouring atoms, which in crystalline silicon forms a well-ordered diamond cubic
structure.

Figure 5.5 shows the arrangement of the silicon atoms in a unit cell, with the numbers, in

indicating the height of the atom above the base of the cube as a fraction of the cell

dimension,
& @ o i lz 0
é’@ Foa. 3
¢ T 1 o 1
e ¢ P
¢ G o B3 0

Figure 5.5: (a) Crystal structure of silicon. (b) Atomic position of the cubic cell of the
diamond structure projected on a cube face [75]
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Lattice planes, and lattice directions of the crystal, can be described by a mathematical

description known as Miller indices. This allows the specification, investigation, and

discussion of specific planes and directions of a crystal, as shown below.

For silicon, the first three expected diffraction peaks, corresponding to the set of lattice

planes given by the Miller indices, (111), (220) and (311) are shown in Table 5.4 below.

Diffraction angle for Silicon
CukK, radiation orientation
(26)
28.5° (111)
47° (220)
56° (311)

Table 5.4: Silicon diffraction peaks for CuK, radiation [76].

The orientation of these planes in the cubic unit cell is graphically illustrated in Figure

5.6.

(111) (220)

(311)

Figure 5.6: Millers indices identify crystal planes in Si.

In amorphous silicon the atoms form a continuous random network (no long range order

is present), and so sharp diffraction peaks are not expected.

For XRD characterisation of the as-produced material, the powder was ground in an

agate mortar, prior to being sprinkle loaded onto a single crystal of Si coated with

Vaseline. The commercially acquired silicon wafer was cut to specific angle, to avoid
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any contribution to the diffraction pattern. The X-ray powder diffractometer used, was a
Phillips PW 1830, operating at 45 kV and 40mA. Copper K, radiation with a
wavelength of 1.5406 A was used. The diffraction pattern was recorded from 5° to 90°

in 20, with a step size of 0.02°, and 1 second step time.

Raman spectroscopy is well suited to detecting crystalline phases in amorphous
material, e.g. a-Si:H, and may be used to calculate the crystalline fraction [77]. Raman
scattering is very sensitive to small changes in the short-range order, and usually has the
advantage of being non destructive. Raman scattering describes the energy loss and
change in wavelength of monochromatic light after interacting with atoms in the
material [72]. The lost energy vibrates inter-atomic bonds and rotates atoms about their
bonds. Each atomic bond vibration, or bond rotation, causes a unique energy loss and
subsequent shift in wavelength of the original beam (Raman shift). Measuring the
spectrum of wavelength shifts allows the identification of molecular species on the
sample surface, or inside a transparent sample.

In general, the Raman spectrum of silicon will have a sharp peak at 520 cm™ if
crystalline, while amorphous silicon will have a broad peak at around 480 cm™ [49].
The relative areas of these two (de-convoluted) peaks can be used to calculate the
crystalline fraction of the material [77]. A shift towards lower wave number and a
decrease in peak intensity has been observed, as the particle size decreases [32]. The
features at specific Raman shifts, and corresponding material properties, in general, for

silicon are summarised in Table 5.5.

Raman shift | Feature Material properties
(em™)

480 Broad peak Amorphous silicon (disorder)
500 Medium peak Grain boundaries or micro grains.

430-530 Broad structure Nano particulate (powder)

514 -522 Narrow peak Crystalline nanoparticles
520 Sharp, narrow peak Crystalline silicon

Data in this table collated from: [32,59,77,78]

Table 5.5: Summary of features and properties at specific Raman shifts for silicon
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For Raman spectroscopy, the silicon samples produced were placed on a glass
microscope slide, or left on the stainless steel substrate, depending upon the layer
thickness. For the collection of Raman spectra, a Dilor XY dispersive laser Raman
spectrometer, with a CCD detector, was used in combination with an Olympus optical
microscope, using a 50x objective lens. Two lasers were used, the first being a Coherent
Innova 300 Argon laser (green line at 514.5 nm, and beam intensity of 100 mW at
source), and a Spectra-Physics Stabilite 2017 Krypton laser (yellow-green line at 568.2

nm, and a beam intensity of 100 mW at source).
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6. RESULTS AND DISCUSSION

The thermal catalytic pyrolysis system, as described in chapter 4, was used to produce
silicon material, using the production process described in chapter 5. As illustrated
below, nanopowders were produced under change of pressure and hydrogen
concentration. The filament and substrate temperatures as well as the flow rate and
production time were fixed for all samples produced. This chapter describes the material
produced, yield and characterisation, using the techniques described before. For some of
the techniques, a commercial silicon nanopowder was used for comparison, and will be
referred to as intrinsic silicon (i-Si). According to the manufacturer [79], the powder is
synthesised by laser pyrolysis, resulting in crystalline nanoparticles. Particle diameters
smaller than 100 nm and a specific surface area larger than 80 m’g™, are specified.

In the following characterisation discussion, reference will be made to the sample
number, operating pressure and hydrogen dilution, as indicated in the parameter matrix
(Table 5.1). As discussed in the previous chapter, samples were produced with 0, 20, 40,
60 and 80% hydrogen dilution, and a total constant flow rate of 50 sccm, at 3, 6, 12, 24
and 48 mbar. The filament temperature was maintained at 1650 °C and no substrate
exceed 70°C. For each series, 5 substrates where loaded into the carousel, and single

filament was used, for the production of all 5 samples of the series.

6.1  General appearance and yield of the Si
produced

Upon completion of the synthesis process, on a series of substrates, the reaction
chamber is opened and visually inspected. As can be seen in Figure 6.1(a) and (b), a
powdery substance is deposited on all surfaces inside the reaction chamber. The as-
prepared powder, shown on the aperture plate in Figure 6.1(a), varies in colour from
yellowish to dark brown. The material is a powder-like substance and can be collected

without effort. In Figure 6.1(c), this is demonstrated with a steel ruler, but a silicon
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rubber spatula was mostly used for colleeting the material. In many samples. the
material deposited can be blown olf the surface, indicating how loosely the material 1s
deposited. Matenial deposited n some areas Le. on the gas inlet pipe, shuster and
filament holder {visible in Figure 6.1 (b)), often has a much darker brown colour
compared to matenal deposiled on the substrates. As mentioned in chapter 5, some of

this material was collecled lor possible Investigation.

Figure 6.1: Material produced, (u) deposits on apertuee plaie; (b)) inside chamber; and {¢)

Making when seraped off

Material shown in Figure 6.1 is the end-result of the completed series 3, produced at
100% silane. with progressive sieps in pressurc, and a total deposition time of 40 min,
All other scrics produced similar resulis, tvpically with less material as hydrogen
dilutions mcreased. In Figure 6.1{a), one substrate, positioncd in the carousel, is clearly
visible though the aperture of the aperture plate.

The process. of determining the vield was described in chapter 5. The weight of
material. deposited on cach subsirate. is expressed as a ratio 1o the surface arca and
production time. Figure 6.2 shows the results of this calculation against the pressure
varation. The figure represents all samples from scries indicated in the parameter

matrix given in Table 5.1,
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Figure 6.2: Prodoction rates at varving hydrogen dilutions and pressures

As can be expected, Figure 6.2 shows how, in general, the production rale inercascs
with decrease in hydrogen dilution, up to the maximum ol 100% silanc. The general
deerease i production rate towards higher pressurcs is unexpected, and should rather
increase f48|. This cffeet can possibly be ascribed to the ageing of the filament, which,
for the samples taken at the lower pressure, was still very new, In the ageing process the
propertizs, and thus the catalytic and pyrolitic activity, of the lilament will change.
altecting the production rate. This decrease ol deposition rate with [lament “on-time’,

due to lilament ageing has been reported by Wang [34].

6.2  Microstructure and morphology

All characterisation of microstructure and morphology. of the deposited powder, was
performed with SEM as described in chapter 5. Materials investipated with SEM, are
the samples numbered: 11, 21, 31, 33, 35, 41, 44. 51 and 52. Starting with the
utidisturbed surlace of sample 35 (Fizure 6.3), produced at 48 mbar and 40% Hj, the
morphology of the as-deposited material was investigated.

Figure 6.3 (a) and (b) are the same sample at different magnifications.
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Figure 6.3: Sample 35, as-deposited oo the substrate at low {a) and high (h) magnification

Figure 6.3(a) reveals a porous microstructure. with, whai looks like, ¢lusters of uneven
micron sized particles or clusters. A fusther magnificatiom ol one of these clusiers
(Figure 6.3(b}) reveals a highly porous agglomeration ol nanoparticles, the sive of which
15 difficult to ascertain. A further magnification of the same cluster (Figure 6.4) clearly

shivws agglomerated nanoparticles, with a diameier roughly estimated al 40 nm.
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Figure 6.4: Particle size and apglomeration of sumple 35

The high level of porosity in the nanopowder deposit is cvident in Figure 6.4, A large
amount of voids can be seen between the clusters of agglomerated nanoparticles. The
material can hest be desembed uws a highly porous agglomeration of silicon

nancparticles.
While all samples, investigated with SEM, reveal the prescnce of nanoparticles, the

level of aggregation varics, not only with a change n pressure or hvdrogen didution. but

also surprisingly. within the samc sample. Examples are given below,

56



e

Sample 11, produced at 3 mbar and 80% dilution {(Figure 6.5), shows a high level of

agglomeration and agoregation, with indications, that the primary particles, are in the
process of {forming porous lavers. Agglomerates and aggregates arc in the micron size

range.

Figure 6.5: Sample 11 produced at 3mbar and 80% H;

In sample 31 (Figure 6.6}, produced at 3 mbar and 40% dilution, clearly identifiable
agglomerated nanoparticles are visible, Judging by the scale bar of the SEM

micrograph. the particle size is i ihe order of 50-80 nim with a fair size distribution,

Wy
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Figure 6.6; Sample 31 produced at 3mbar and 40% H;
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Sample 51 (Figure 6.7 ), produced al 3 mbar and 100% silane, displays very similar

characteristics to those of sample 31 discussed above.

. e T LR [ |
2.H oL R T 2 ML TR i

Figwre 6.7; Sample 51 prodweed af dmbar and 0% H; {pure siling)

From the comparison above, it is thus difficult to determing @ trend in the influence of
hydrogen dilution on particle size. To complicate matters further, the morphology,
within the smmple, is found to change, depending upon which part of the sample is
mvesiigaled. An example is given in Figure 6.8, which i3 a micrograph of the same

sample 31, depicted m (Figure 6.7}

day AR Fei @i
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Figure 6.8: Sample 51 at a ditferent position to Figure 6.7
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Completely different in nature to the particles in Figure 6.7, the particles in Figure 6.8
ate highly aggregated. Similar occurrences have been found in almost all samiples
investigated on SEM siickers. The causce of the discrepancy might arise from the faet
that particles and apgregaies lorm, and deposit onto the substrate, in porous layers.
During transfer of the material to the SEM sticker, these lavers are disturbed and
revealed on the surface. The loose particles in the top deft corner of Iigure 6.8 may offer
support to this argument. Turthermore, the difference in morphology. of the matenal
produced, in the same sample, may be contributed 1o by the difficulty of manually
controlling the parameters during produciion, and possibly even the degradation of the
filament. Samples investigated directly on the substrate do not display the discrepancy
in morphology, as deseribed above. This 1s most likely due to the fact that the material

15 un-disturbed, and the last level of particle deposit is invesngated en the surface.

Two of the key indicators of quality in nanoparticles are their size and sive distribution.
ideally, primary particles will be loese (powder), but generally tend to agglomerate and
aggregate, to form larger units or aggregates [4]. An example ol an agplomerate 15 given

in I'igure 6.9 ). which is an enlargenient of Figure 6.9(a).

Fisure 6.9: (a) Agolomeratinn of particles to form a porous laver. (b) enlargement of {d).

showing formation of aggrepates from smaller wnits

Although the pasticles in Figure 6.9(a) scem quite separated, the large circle in Figure
6.9(h) shows the diameler ol the agglomerate. It is guite larger than a primary particle,
indicated by the small cirele. As no instrument is avallable to determine particle sive,

and size distribution accurately, a method was devised, using the SEM mictographs and
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image processing software. 1o illustrate the process, a SEM ol the i-51 mentioned at the
beginning of this chapter is used (I'igure 6.10(a)). Circular dises arc placed on definable

particles {Tigure 6.10(b)). matching their diameter, using Imagel 1.36h. The dises serve

as a spherical approximation of definable prumary particles in the image.

Figure 6.10: Particle size defersmination using; {a} the original image; (b) placing sized

cirgles; (¢) processimg the circles; (d) unsuccessful particle filter

After calibration of the image scales, nsing the SEM scale bar {(.267pixcl/nm). a
threshold filter i1s run to remove the backeround and keep the discs. The “Analyse
Particles” module is activated in the diameter measurcment mode, which numbcers cach
particle and calculates 1ts diameter and area (igure 6.10(c)). 'l'o calculate the particle
size distribution, the “Distribution” module in the software 15 run, with a binning ol 20.
Figure 6.11 shows three results of the technigue. An attempt was also made to use
commercial software (Analysis ¥V 1.1} to determing particle size, but cven with manual
threshold settings. and thorough experimentation of image parameters, primary particles

could not be separated properly (Figure 6.10id 3.

Using the technique described abowve, three sets of images have been processed for
particle size. the first two being sample 21 (Figure 6.1%a)) and sample 44 (Figure
6.1 1{b}), produced at 3 and 24 mbar, and 60 and 40% hydrogen dilution respectively.

"The third 15 a sample of the commercial intrinsic silicon (i-S1).
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Figure 6.11: Particle size distribution; (a) Sample 21 (b) sample 44 (c) i-Si

Lorentz fits of the data show an average particle diameter of 46.3 nm for sample 21
(Figure 6.11(a)), with a distribution of 20.31 nm, an average diameter of 57.6 nm for
sample 24 (Figure 6.11(b)), and 81.6 nm for the i-Si nanoparticles (Figure 6.11(c)). The
results indicate that hydrogen dilution may play a role in reducing the primary particle
size. Due to the manual and tedious nature of the process, no additional samples have

been analysed.

6.3  Particle composition

In the previous section it was shown that nanoparticles have been produced. For particle
composition analysis, EDX and FTIR were used, as described in chapter 5. EDX
spectra were collected for samples 11, 33, 35, 51 and 55. In preparation for the SEM, all
samples were carbon coated, prior to the investigation. As an example, the spectrum,
collected for sample 35 is given in Figure 6.12. The sample was produced at 48 mbar

and 40% hydrogen dilution.
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Figure 6.12: EDX spectra of sample 35, produced at 12mbar and 40% H,
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As can be seen in the spectrum (Figure 6.12), four major peaks have been registered, of
which, the peak at 0 keV is due to an artefact of electronic noise. The presence of
carbon can be ascribed to the coating mentioned above, and the remaining two peaks
indicate the presence of oxygen and Si. The spectra can be used for a rough estimation
of the ratio of these elements present in the particles. Spectra of all samples investigated
are similar, in the sense that no unexpected elements have been revealed. The difference
between samples is in the atomic ratio of oxygen to silicon of the particles.

These atomic ratios of all samples have been determined by the EDX software and, in
Figure 6.13 and Figure 6.14, will be presented as function of pressure and hydrogen

dilution.

In Figure 6.13, the atomic ratio of oxygen to that of silicon is given, per sample, at the
production pressure. Data points indicate a general slope from the higher to lower
pressures, which can be interpreted as a tendency of increased oxygen content in the

particles, with a decrease in pressure.
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Figure 6.13: Oxygen to silicon atomic ratio as a function of pressure

In Figure 6.14, the data points indicate a positive slope towards higher hydrogen
dilutions. This trend can be interpreted as an increase in oxygen content, with an

increase in hydrogen dilution.
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Figure 6.14: Oxygen to silicon atomic ratio as a function of hydrogen dilution

Both of the above mentioned trends are consistent with the presence of residual oxygen
in the system, which could be the cause of the high oxygen content found in some of the
samples. The effect of the changing pressure and hydrogen content, on the oxygen
content present in the material, can be described as follows: An increase in pressure
increases the silicon (silane) present in the reactor, thus reducing the oxygen to Si ratio
in the gas. Furthermore, an increase in hydrogen decreases the silicon content in the
reactor, leading to an increased oxygen ratio. If the presence of the oxygen is, however,
ascribed to surface oxidisation, after production, the surface area of the particles
(diameter) might be a significant contributor, through the availability of more oxygen
binding sites. Atomic ratios for SiO, and i-Si were also measured using EDX, and
resulted in ratios of 2.03 and 0.19 respectively. The SiO,, collected at the exhaust output

of the production system, shows a near stoichiometric composition.

Further investigations of the composition of the nanoparticles, were performed, using
FTIR spectroscopy. Spectra were collected for samples 11, 21, 23, 33, 35 and 51, using
the preparation and measurement process described in chapter 5. FTIR spectra can
reveal information on the nature of the silicon bonds with hydrogen and oxygen. In
silicon thin films these bonds can give an indication of the quality of the material [33].
The absorption peaks, and what they signify, have already been discussed in chapter 5.
In Figure 6.15, the major peaks are again shown by means of an infrared spectrum,

taken in transmission mode, of a typical nanoparticle sample produced.
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Figure 6.15: Infrared (IR) spectrum
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Of all the spectra collected, two sets of IR spectra will be discussed. The first set (Figure

6.16), comprises samples 21, 33 and 35, produced at changing operating pressures, and

the second set (Figure 6.17), comprising samples 11, 33 and 51, produced at changing

hydrogen dilutions.
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Figure 6.16: Effect of pressure (FTIR spectra)

400
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In Figure 6.16, definite and pronounced absorption peaks can be seen at 460, 640, 880,
1070, 2142, and 2250 em™. The high absorption by the Si-O bonds at 1070 cm™, points
to oxidisation, and is possibly attributable to the surface oxidisation, which most likely
occurred immediately upon exposing the sample to atmosphere [8,33]. It could also
point to the presence of residual oxygen in the system. Further evidence of oxidisation
lies in the O-H bending vibrations at 1625 cm™, and the Si-O wagging vibrations at 460
cm’, as well as Si-O; vibrations at 2250 cm™ [31,71]. In the Si nanopowders produced,
the absence of a distinctive Si-H absorption peak at about 2000 cm™', compared to a-
Si:H thin films [71] is apparent. Furthermore, in the particles produced, no expected,
dominant (SiH,), peak 2100 cm™, can be observed. Absorption peaks at 640 em’ and
880cm™ indicate expected surface bound hydrogen in the material. No clear effect of the
change in pressure, on the nature of the bonds discussed above, could be found.

In Figure 6.17, the effect of hydrogen dilution on the bonding structure will be

discussed.

Transmission [a.u]

(@) 3mbar, 0%H,
(b) 12mbar, 40% H,
(c) 3mbar, 80% H,
R T T IO N W S ER N

2800 2400 2000 1600 1200 800 400

Wavenumber [cm]

Figure 6.17: Effect of hydrogen dilution (FTIR spectra)

It can be noted, in Figure 6.17, that the ratio between the Si-O peak at 2250 cm™, and
the Si-H peak at 2142 cm™', changes with a change in hydrogen dilution. These peaks
indicate surface bound oxygen and surface bound hydrogen, respectively. When the

production conditions exclude hydrogen dilution (Figure 6.17 (a)), the Si-O peak is
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dominant, but when the hydrogen dilution is increased to 80% (Figure 6.17 (c)), the Si-
H peak is dominant. The latter sample has thus a higher rate of surface bound hydrogen.

Figure 6.18 offers a closer look at the ratios as discussed above.

T

Sample 51

wemeene Sample 33 |7
Sample 11

Absorbtion [a.u.]

) 1 !
2600 2400 2200 2000 1800

Wavenumber {cm']

Figure 6.18: A closer look at the 2250 and 2142 cm™ peaks

6.4  Crystallinity and crystalline fraction

To get an indication of crystallinity and crystalline fraction of the nanoparticles
produced, XRD and RAMAN spectroscopy is performed on a few samples.

XRD was performed on i-Si and on a sample collected from the aperture plate, after
production of series 2. This sample was dark brown in colour and was produced at 60%
hydrogen dilution, while the pressure was varied. The XRD spectra of these samples are
given in Figure 6.19. The spectrum of the benchmark intrinsic nanoparticles (Figure
6.19(a)) displays clear crystalline peaks of silicon [31], at ~28.5°, corresponding to the
(111) crystalline orientation, and at ~47° and ~56°, corresponding to the (220) and (311)
crystal orientation, respectively. The spectrum of the dark brown particles, produced at
temperatures exceeding 120°C (Figure 6.19(b)), has a corresponding broad peak at the
(111) reflection and second broad peak between 47° and 56°, with a suggestion of the
(220) crystalline peak at 48°. Taken together these observations are indicative of a

generally amorphous material with some crystalline order.
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Figure 6.19: XRD spectra of as-deposited material and commercial material

The spectrum of the Si support disk and the Vaseline (Figure 6.19(c)) show a possible
contribution to the other spectra, from the broad peak at ~18°. It should be noted that
the spectrum of the silicon support disk was taken at 1 sec intervals, while the other

spectra were taken at 10 sec intervals.

At least 15 samples, produced during the testing of the synthesis system, were taken for
Raman spectroscopy, with the purpose of getting to know the technique, and to possibly
help with the design of the parameter space. These initial attempts at collecting Raman
spectra, using silicon nanoparticles, failed in most samples due to spontaneous
exothermic oxidisation of the sample, triggered by the laser energy. Depending on the
material, the oxidisation could occur in a fast flash of orange light over the whole
sample, or in the form of many tiny bright orange “balls of light”, propagating away
from the laser and “burning” grooves into the material, and/or resulting in white
coloured powder. Either way, the sample was destroyed in the process. An attempt to
reduce the laser power by 80% did not stop the oxidisation, and furthermore delivered
poor spectra. A second attempt to collect Raman spectra for the samples produced in
this research, according to the parameter matrix, again failed. This phenomenon thus

prevented a thorough Raman investigation and limits the available spectra to a few
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survivors of the earlier investigation. To illustrate the value of the technique, three

examples of spectra will be discussed below.

The spectrum given in Figure 6.20 (a) originates from a sample produced at 0.2 mbar,
with a flow rate of 40 sccm of silane, at filament and substrate temperatures of 1600 °C
and 70 °C respectively. The spectra show a broad peak, centred around 480 cm’,
consistent with amorphous material. Upon accidental spontaneous oxidisation of the
sample, as described earlier, a second spectrum (Figure 6.20(b)) was collected from the

same sample, resulting in a narrower peak, centred at about 510 cm™.

T T I T T T 1 T T ' T T 1 M T v 1
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(b) SiO,
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Figure 6.20: Raman spectra of (a) a-Si:H (b) SiO,

Another sample, with a dark brown colour, collected from the wall of the reactor, where
the temperature frequently exceeds 120 °C during the experiments (Figure 4.13), was
also characterised. The sample was produced at 0.2 mbar, 50 sccm of 90% hydrogen

diluted silane, and filament temperature of 1700°C.
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Figure 6.21: Raman spectra of Si:H nanoparticles

The spectrum, given in Figure 6.21 has a broad peak between 460 cm™ and 510 cm™,
indicating the amorphous nature of the material, while the sharper peak at 520 cm’
signifies a crystalline contribution [59]. As a first approach, and not taking into account
a possible dependency on the average crystallite size, the crystalline volume fraction of

the sample was calculated [80], to be 0.52, using the equation:

L 6.1)
1520 + [480

where, Isy0 and lsgo are the areas of the peaks at about 520 cm™! and 480 cm™ of the de-
convoluted Raman spectrum. This result may indicate that particles collected on a

surface of higher temperature have an increase of order in the structure of the particles.
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7. CONCLUSION

The hypotheses that thermal catalytic pyrolysis (HWCVD) is a viable method for the
production of silicon nanoparticles has been proven to be true. Silicon nanopowders
deposit on all surfaces in the reactor, and are yellowish to dark brown in colour.
Amorphous silicon nanoparticles, in the 40 to 100 nm size range, are produced under
most conditions tested. While material with a crystalline contribution has been found,
the operating parameters that control particle size and crystallinity could not be clearly

identified.

Most material produced consists of highly porous deposits of agglomerated, and in
some cases aggregated, amorphous nanoparticles. Particles produced at the
experimental conditions of substrate temperatures below 70 °C were always yellowish
to brown in colour and amorphous, while some dark brown materials, which were
collected near the filament, where the temperature exceeds 120 °C, showed a crystalline
contribution. This can be interpreted as an indication, that the high substrate
temperatures play an important part in ordered growth, even for nanoparticle deposition.
FTIR spectra of the particles reveal high concentrations of hydrogen, presumed to
passivate silicon dangling bonds. The presence of absorption peaks, indicating
substantial surface oxidisation, can be linked to either post production removal of the
samples from the vacuum and subsequent exposure to atmosphere, or incorporation of

residual oxygen in the reactor during deposition.

As expected, the production rate of material produced at the same pressure, filament
temperature and flow rate, increases linearly with decrease in hydrogen dilution. This
can simply be ascribed to the decrease of the precursor, silane. Furthermore, an increase
in pressure was expected to lead to increased interaction of species in the vapour phase,
and thus to a higher production rates. The opposite has been observed. In general, the
production rate decreases with an increase in pressure. This decrease is partly due to an

accelerated deterioration of the filament in relatively high pressure regimes.
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As far as the control of filament temperature is concerned, only a single colour
pyrometer has been available for the experiments, which was found difficult to use for
wire temperature measurements, especially where the emissivity changes over time. As
two colour pyrometer measurements are not reliant on emissivity, such instrument will
be more advisable for future experiments. For further study of thermal catalytic
pyrolysis of silicon nanoparticles it is also highly recommended to improve the
pumping capacity of the vacuum pump, and improve the sensitivity of the mass flow
controllers. These improvements will not only permit experiments at lower pressure
regimes, where the filament is expected to deteriorate at a lower rate, but will also
reduce the basic pressure of the system, thus reducing potential contamination with
residual air. The lower pressure regime will furthermore allow further investigation into

the parameters that will lead to controlled particle size and crystalline fraction.
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APPENDIX “A”: Gas handling safety control-sheet

Gas handling Safety control-sheet
M Scriba 7/2/2006
(D:\Silicon\Safety\Gas Handling Safety control sheet.doc)

Safety Valves (Roof)

Date/Time [3reen 3 Chamber
2006/2/2 Open Open 10 uBar, | 10 uBar, | 10 pBar, | 10 pBar,
10:15 N2 Nz N2 N2
12:10 Open Open 2 Bar 2 Bar 10 uBar, | Air

Silane Silane N,
15:10 Close Close 2BarN, |[2BarN, |2BarN, | Air
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APPENDX “B”: Gas safety posters
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H,  Hydrogen
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