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ABSTRACT

Doped silicon nanoparticles with clean surfaces and which are suitable for
electronic applications, have successfully been produced. The doped silicon
nanoparticles produced in this work will find application in the emerging field of
flexible electronics. Two bottom-up production processes were utilised: hot wire
thermal catalytic pyrolysis and spark pyrolysis. The latter is a new process,
developed as part of this research for silicon nanoparticle synthesis. In each method
silicon nanoparticles were synthesised using mixtures of silane and phosphine or
diborane, to achieve n and p-type doping respectively. Silicon nanopowders were
also synthesised with silane only, to produce intrinsic particles for comparison. All
particles produced at high pressure are predominantly monocrystalline and have
average diameters between 20 and 40 nm. Particles are spherical when produced by
spark pyrolysis and faceted when synthesised by hot wire thermal catalytic

pyrolysis.

To determine doping activity in the silicon nanoparticles, the resistivity of the
nanopowders was measured by a technique, and apparatus, developed as part of
this work. Particles produced with diborane exhibit decreasing resistivity with
increasing diborane concentrations, indicating successful doping. However the
resistivity of particles produced with phosphine increases at higher phosphine
concentration. While the surfaces of particles produced by either process are clean
when produced with diborane, the surfaces of particles synthesised with phosphine
are covered by an oxide layer whose thickness increases with higher phosphine
concentrations. All nanoparticles produced by HWTCP at low pressure with either

dopant gas were successfully doped, but had an average diameter of 10 nm.
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1. INTRODUCTION

Silicon can be considered the semiconductor with the most useful properties for the
manufacture of electronic devices such as individual transistors, integrated circuits
and solar cells. However, due to the nature of the devices and their manufacturing
processes, applications are generally limited to rigid mounting without the option of
flexibility. In the last two decades there has thus been a drive to develop new
technologies that allow the production of flexible electronics. Recently, printed
electronics, based on silicon nanoparticle inks [1], has emerged as a new route. The
technology currently allows the printing of silicon based devices on flexible media
such as paper and polymers [2]. In these applications the printed nanoparticle
network must be able to act as an extrinsic semiconductor, thus requiring the

silicon nanoparticles to be doped.

Historically research into silicon nanoparticles has focussed mainly on their
luminescent [3-7] and optical properties for applications such as bio-markers [8],
solid state lighting [9, 10], and sensors [8]. While an oxide layer on the silicon
nanoparticles is essential for photoluminescence [10], it also acts as an insulator
hindering the transfer of charge, which is vital for electronic applications. To date
no silicon particles produced by bottom-up synthesis have been reported which
have a clean unobstructed surface. However some successes have been reported for
top-down milling of silicon nanoparticles [11]. As a consequence, for the production
of silicon nanoparticles for electronic applications it is of utmost importance to
utilize production processes that avoid oxidisation and allow the incorporation of
dopant atoms in the silicon structure. The first requirement can be achieved by
synthesis processes in the absence of air or other oxidising environments. Suitable
bottom-up production processes include chemical vapour synthesis by laser or
plasma pyrolysis [12-14] and laser ablation [15, 16] at very low base pressure (high
vacuum). Recently, hot wire thermal catalytic pyrolysis (HWTCP) [17] has been
added as a route to synthesize intrinsic silicon nanoparticles of varying degrees of

crystallinity and size [18].



Even though silicon thin films have been produced by chemical vapour deposition
with a mixture of silane and dopant gases such as diborane or phosphine [19-21],
the same approach has not been successful in producing doped silicon
nanoparticles for electronic applications. While boron is more likely than
phosphorus to be incorporated in the silicon nanoparticles [12], the formation of a

silicon oxide layer [7, 9, 10, 22, 23] on the particles inhibits conduction.

As will be shown in this work the fulfilment of both requirements, producing doped
silicon nanoparticles with clean surfaces, presented a challenging task. This was
achieved as follows. Due to its simplicity, HWTCP was selected as a means of
bottom-up synthesis of the nanoparticles, using mono-silane as well as a mixture of
mono-silane and phosphine or diborane as precursor gas to provide the silicon base
material. Building on this, spark pyrolysis (SP) was conceived and developed in this
thesis, as a new method for silicon nanoparticle synthesis. For this purpose a
production system was constructed and used to synthesise sets of intrinsic and
doped silicon nanoparticles using both methods. In both cases the effect of process
parameters on particle quality and yield was thoroughly investigated. The particles
produced were then characterised, using a suite of micro-structural, spectroscopic
and electrical techniques to determine their suitability for electronic applications

and to understand the influence of the synthesis conditions.

Starting in chapter 2, an overview of the properties of silicon as a semiconductor
will show the importance of doping for the functioning of silicon devices. In chapter
3, the research will be put in context by looking at current nanoparticle production
methods and their applicability to silicon nanoparticle production. A detailed
discussion of chemical vapour synthesis processes will form the link to the HWTCP
and SP processes. Chapter 4 is dedicated to the description of the production
system and the production processes. After an overview of the characterisation
techniques in chapter 5, the results of the micro-structural, spectroscopic and
electrical characterisation will be presented in chapter 6, followed by a discussion

in chapter 7 and concluding remarks in chapter 8.



2. SILICON AS A SEMICONDUCTOR

The dependence of electrical conduction on certain properties of silicon, including
its crystal structure, band structure, Fermi level and doping concentration will be
discussed in this chapter. The change of these properties due to the reduction in
size, such as in silicon nanoparticles, as well as the effect of the surface properties,

will also be considered.

2.1 Conductivity

Electrical conductivity o is a measure of the ability of a material to conduct an

electric current when placed in an electric field. It is defined as the ratio of the

current density J to the applied electric field strength € given by Ohm’s law
J=o0¢. (2.1)

The current density can also be described in terms of the number of charge carriers

n, their drift velocity v and charge g [24] by
J=nuq, (2.2)

leading to an expression for the conductivity in terms of the carrier motion and

applied field

ag =

g (2.3)
£

The mobility u is the quantity relating the drift velocity of the charge carriers to the

applied field across the semiconductor according to

= (2.4)



Furthermore, mobility is a function of the average relaxation time T and the effective

mass m* of the charge carriers as

ar

. (2.5)
m*

U=

Although normally treated as a scalar quantity, the effective mass is a tensor that
describes the inertia of free charge carriers in a crystal, which behave like free
particles with a mass depending upon their direction of travel in the crystal [25].
Defined by Newton’s second law, the effective mass m* can be calculated from the

dispersion relation of the carrier energy

1) _1 d%E
— | =5——, (2.6)
m* ), #? dkdk,

where E is the energy, h is Plank’s constant and k is the wave number. The

equation for the conductivity of a semiconductor (2.3) can thus be rewritten as:

(2.7)

From equation 2.7 it is clear that the conductivity is mainly dependant upon the

carrier density n, and the relaxation time T.

2.2 Carrier density

In a semiconductor charge can be carried by an electron moving in the normally
empty states of the conduction band or by holes moving in the normally filled states
of the valence band. The hole can be seen as the absence of an electron or as a
particle which is a positive charge carrier [26]. Electrons and holes will thus move
in opposite directions during conduction. Furthermore the ability to conduct a

charge is directly linked to the density of charge carriers, which in silicon is mainly



affected by its band structure, density of states and doping concentration. These

aspects will now be discussed.

2.2.1 Silicon crystal structure

Silicon crystallises in the diamond structure with a face centred cubic (fcc) Bravais
lattice and a lattice constant of 0.543 nm [27], as shown in the ball and stick model
given in figure 2.1(a). The highlighted links indicate how each silicon atom is
covalently bonded to its four nearest neighbours at an angle of 109.5° and a

distance of 0.235 nm, to form a tetrahedron [28].

(a) (b)

Figure 2.1 Ball and stick model of the structure of (a) crystalline [26] and (b) amorphous
[29] silicon, with the tetrahedral bonds highlighted.

This tetrahedral arrangement is maintained within the disorder of the amorphous
silicon structure shown in Figure 2.1(b), and also in atomic clusters and
nanoparticles [30]. A consequence of the bonding is that the valence electrons are
influenced by a number of adjacent ion cores and the sharply defined levels of the

electron energies of the individual atoms become energy bands.

2.2.2 Band structure

Many physical, electrical and optical properties of solids can be explained using
energy band theory [28, 31]. Energy bands originate from interactions between
electrons in neighbouring atoms. In isolated atoms electrons exist in distinctive
energy orbits, differentiated by orbital and intrinsic angular momentum. If atoms

are now arranged in a solid, where they share electrons in bonds, the number of



levels is proportional to the number of atoms. This is in accordance with the Pauli
exclusion principle which states that two electrons may not occupy the same state.
Due to the extremely small differences in energy and momentum between the

states, these from a quasi-continuous dispersion curve, called an energy band.
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Figure 2.2 A graphical presentation of (a) the electron orbits in a silicon atom and (b) the
sp® hybridisation, to form a band structure in the silicon crystal (redrawn

after [26]).

As can be seen in figure 2.2(a), in the free silicon atom, the four valence electrons
occupy the 3s and 3p orbitals. In the crystal these orbits hybridise to form a band
structure with 4N electrons in the valence band and none in the conduction band,
at absolute zero. This state is shown in figure 2.2(b) by the vertical line marked ao.

The band gap E,4, which is 1.12 eV for silicon, is also indicated in the diagram.

In order for a semiconductor to conduct a current, charge carriers must be able to
move into an empty quantum state in the same band. Thus, materials with full
valence and empty conduction bands do not conduct. However a semiconductor
which has a partially filled conduction band, or holes in the valence band will
conduct an electric charge. This is shown in the simplified band structures of figure

2.3, for an (a) insulator, (b) semiconductor and (c) conductor.
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Figure 2.3 Possible energy band diagrams of an (a) insulator, (b) semiconductor and (c)

conductor. (modified after [32])

For an insulator (figure 2.3 (a)) the valence and conduction bands are separated by
a wide band gap. Electrons do not have enough energy to leave the filled valence
band to reach and partially fill the conduction band. In an un-doped (intrinsic)
semiconductor (figure 2.3 (b)) the band gap is narrow. At room temperature
electrons at the top of the valence band can be excited into the conduction band.
The partially filled bands can now facilitate conduction. In metals the conduction
band is half filled as shown in figure 2.3 (c), making them conductors even at low

temperatures.

From this simplified discussion the importance of the availability of charge carriers
is emphasised. The number or concentration of charge carriers in a particular
energy band is dependant upon the density of states available in the energy band as

well as the probability of finding the charge carriers in that energy band.
2.2.3 Carrier density
The statistical distribution of the energy of charge carriers in thermal equilibrium at

an absolute temperature T may be described by the Fermi-Dirac distribution

function,

1
fF(E):W ; (2.8)



where E is the carrier energy, Er is the Fermi energy and ks is the Boltzmann
constant. The Fermi distribution fr(E), shown in figure 2.4 will change with
temperature and is important in determining the electrical and thermal properties

of a semiconductor.
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Figure 2.4 The Fermi-Dirac distribution, superimposed on a schematic band structure

showing the position of the conduction band (Ec), valence band (Ev) and

Fermi level (Er). (redrawn after [25])

As can be seen from the step function in figure 2.4, in the ground state
corresponding to absolute zero of temperature, levels with lower energy than the
Fermi level Er are fully occupied with electrons, whereas higher energy levels are
unoccupied. At absolute zero an intrinsic semiconductor is thus an insulator. In an
intrinsic semiconductor, Er is at mid-gap [27], halfway between the valence and
conduction band edges Ev and Ec. As the temperature increases (300 — 500 K), the
step function smoothes out and the distribution extends into the conduction band
and valence band. The probability of an electron state being occupied in the
conduction band, and being empty in the valence band therefore increases, thus
increasing the conductivity of the intrinsic semiconductor. However to determine
how many charge carriers can be found in these bands it is important to determine

the density of states.



2.2.4 Density of states

The density of states of a semiconductor refers to the number of available energy or
quantum states in the valence and conduction bands per unit volume that can be
occupied by charge carriers. To a first approximation the density of states of the

conduction band N¢ is given by [25]

No(E) = ey 2.9)

where m, is the effective electron mass with energy E, and h is Plank’s constant.
Similarly the density of states for holes in the valence band can be calculated using

the effective mass of the hole and the energy below the valence band edge.
2.1.4 Doping

In intrinsic semiconductors, at finite temperatures, a small number of electrons are
thermally excited from the valence band into the conduction band, leaving behind
an equal number of holes. As illustrated in the band diagrams of figure 2.5 the
number of charge carriers in a band is a function of the density of states as well as
the probability fr(E) of finding carriers in that band. In the intrinsic semiconductor
(figure 2.5 (a)) the number of holes p in the valence band equals the number of the
electrons n in the conduction band and each equals the number of intrinsic carriers
n;. Furthermore the intrinsic carrier concentration relates to the density of states in
the conduction band N¢ as well as the energy of the Fermi level Er and conduction

band edge Ecby [33]
E. -E
n =N.exp ——=<|. 2.10
L= N P{ T } (2.10)

It will now be shown that the addition of impurities into the semiconductor, also
known as doping, introduces free charge carriers into the semiconductor, which
greatly increase its conductivity at room temperature. Doping makes the
semiconductor extrinsic. Boron and phosphorus are often used to dope silicon by

diffusion into the solid or by the incorporation of dopant gases in the production



process. Boron which has one electron less than silicon in its valence shell will
leave an excess hole when substituting silicon atoms in the structure. Boron is said
to be an acceptor (of electrons) and the resulting extrinsic semiconductor is p-type
with holes as the majority carriers. Similarly, phosphorus with five valence
electrons is a donor of an electron. Phosphorus doped material is n-type and
therefore has electrons as majority carriers. Doping causes the Fermi level Er to
shift from the intrinsic Fermi level E; towards the energy band that corresponds to

the majority carriers as shown in figure 2.5. Under thermal equilibrium conditions
the law of mass action, described by the equation np= I‘}Z is valid for both intrinsic

and extrinsic semiconductors.

E‘BV} 'y 4 4
r N ! Ne N,
J
g
L n
II bn h bn “‘ D
Ec R d -
\‘-{F(E' '\\ .---::."‘.-;.,',.‘._.‘_.: _____ EF
EE "“':""E“"::‘_\: “"E‘i """""""""" “\'\“:“"“‘““_“““"“ ““'““‘:“" \\
L, B £ : \
: \ Py \
EV : ] p ! A\ - p
l % P
E i
] N I
/‘. " Ny N,
f(E)=0.5 ! !
() (b) (©)
Figure 2.5 Band diagram with overlaid density of states, Fermi distribution and carrier

concentration of (a) intrinsic, (b) p-doped, and (c) n-doped silicon. (modified
after [26, 34]).

In figure 2.5 (b) the shift of Er towards the top of the valence band Ev, due to the
introduction of the donor atoms is clear. The Fermi energy Er, can be obtained in

terms of the intrinsic carrier densities and the concentration of acceptors Na [25,
33]

10



EF—EV=kT|n[N1J, (2.11)

A

under the assumption that Nx = n, the free electron concentration. The higher the
acceptor concentration the smaller the energy difference (Er- Ev) and the closer the
Fermi level moves to the top of the valence band, increasing the hole concentration.
As indicated by the grey areas in figure 2.5 (b), in a p-doped semiconductor the
positive charge carriers p in the valence band outnumber the electrons n in the
conduction band, making this semiconductor p-type. The hole concentration in the

valence band is

E -E,
= ' 2.12
p=n exp{ T } (2.12)

where E; is the Fermi level of the intrinsic semiconductor. Similarly the band
diagram of an n-doped semiconductor (figure 2.5 (c)) shows how Er shifts to the
bottom of the conduction band when donor atoms Np are introduced into the

semiconductor. Er can be obtained in terms of the donor concentration Np [25, 33]

E.-E, :kTIn(IS—iJ. (2.13)

D

The effect is that the electron concentration n, in the conduction band outnumbers
the hole concentration p, in the valence band, as indicated by the grey areas in

figure 2.5 (c). The electron concentration in this n-type semiconductor is

n=n exp{%} . (2.14)

In both n-doped and p-doped materials the availability of additional charge carriers
in the conduction and valence bands respectively increases the conductivity of the

semiconductor.
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2.3 Properties of silicon nanoparticles

Because the focus of this thesis is the production of silicon nanoparticles which can
be used in electronic applications, it is important to look at differences in properties
between bulk silicon and silicon nanoparticles. The discussion here will mainly
focus on electrical properties and will be limited to effects of increased surface to

volume ratio and to quantum confinement if the particle is small enough.

The properties of a nanoparticle are dominated by its surface [35]. The surface can
be defined as the outermost two to three atomic layers which may be reconstructed.
In a reconstructed surface, dangling bonds of neighbouring atoms combine,
resulting in a rearrangement of the atoms at the surface [28]. The dangling bonds
may also be terminated by adsorbates such as hydrogen [36] or organic molecules
such as methoxy or butyl groups [4] thus passivating the surface against further
chemical reaction. If nanoparticles are however produced in oxidising conditions,
insulating oxide layers may form [7, 9, 10, 22]. The conductivity of the
nanoparticles will now be reduced in relation to the layer thickness of this oxide, as

discussed later in this thesis.

In bulk crystalline silicon the electronic structure provides a band-gap with the
lowest point of the conduction band and the highest point of the valence band
occurring at different coordinates in reciprocal space [37]. Due to this indirect band
gap, bulk silicon requires the involvement of a momentum balancing phonon for the
emission of a photon. As these transitions have a low probability [15] bulk silicon
has relatively poor optical emission properties [13]. However, the situation changes
if silicon is nanostructured, as was first observed in the photoluminescence of
porous silicon at room temperature [38]. As shown in figure 2.6, bulk crystalline
silicon has near continuous conduction and valence energy bands, separated by a

characteristic energy gap E,.

12
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Figure 2.6 Complete spd hybridisation cycle including the quantised states present in

nanoparticles (modified after [39]).

In silicon nanoparticles smaller than about 10 nm, the continuum of energy levels
in the bands becomes discrete, effectively increasing the band gap. The band gap of
the silicon nanoparticles is thus size dependent [3, 6, 37, 40] and can be altered to
produce a range of energies. The excited electron/hole pairs (excitons) are confined
in all three dimensions, resulting in properties between those of a bulk
semiconductor and single molecules. The formation of localised excitonic states is
also known as quantum confinement and these small nanoparticles are often called

quantum dots.

The estimated band gap of a spherical nanoparticle Ey is inversely proportional to

the square of its radius R [41], by

nAr
+ )
[¢] 2rnq RZ

N

(2.15)

where E, is the band gap of the bulk material and my is the reduced mass which is
the product of the effective mass of the electrons m. and holes m; divided by their
sum. From equation 2.15, quantum confinement effects in silicon nanoparticles
become significant when R is smaller than approximately 10 nm [41, 42]. As the
particle diameter or crystallite size decreases, the band gap increases, resulting in a

blue shift in the luminescent spectrum [43]. Furthermore, it has been observed that

13



the oxide shell plays a vital part in the optical properties of silicon nanoparticles [7]
including photoluminescence [6]. Photoluminescence is not observed when the
silicon nanoparticles do not have an oxide shell [44] and its intensity increases with
oxidisation of the particles [10, 43]. It has also been shown that photoluminescence
is weakened with the growth of silicon nanoparticle clusters, the clusters are
responsible for the de-confinement of the excited carriers and thus for the
quenching of the photoluminescence. Efficient photoluminescence and efficient
charge transport are thus mutually exclusive [45]. These findings and a further
observation that photoluminescence occurs in particles larger than 10 nm [46, 47]
where quantum confinement is not a factor, implies that the surface layer plays a
vital role in visible light emission of silicon nanoparticles. Oxidisation also leads to
the passivation of dangling bonds that otherwise may lead to non-radiative
recombination centres [48] and reduced photoluminescence [13]. Furthermore, the
excitons localized at the Si/SiO: interface in oxidized nanoparticles [49, 50] cause
broad photoluminescence spectrum in the visible region [51]. Since the electronic
states at the surface thus dominate the luminescence, the relative amounts of

oxygen and hydrogen impurities on the surface have a large influence [52].
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3. CHEMICAL VAPOUR SYNTHESIS

As the silicon nanoparticles produced in this research are intended for application
in printed electronic devices, the production process must deliver non-oxidised
particles of high purity. Hot wire thermal catalytic pyrolysis (HWTCP) and spark
pyrolysis (SP), developed as part of this work, are the two chemical vapour
synthesis processes that were used for the production of doped silicon
nanoparticles. To place chemical vapour synthesis in context, this chapter will start
with a general overview of nanoparticle synthesis processes which are based on top-

down and bottom-up approaches.

3.1 Overview of top-down silicon nanoparticle
production

Of the top-down processes for nanoparticle production, mechanical attrition is the
simplest. It requires relatively inexpensive equipment, is easy to scale up and is
applicable to many hard materials. Furthermore, mechanical attrition has
extensively been used to produce silicon nanoparticles in the 10 to 100 nm size
range [11, 53, 54]. However, the challenge to achieve mono-dispersion and prevent
contamination remains. Alternative top-down methods which offer better process
control include laser ablation [5, 15], spark ablation [S5] and sputtering [56]. In all
of these processes particles are formed by the evaporation of material and the
subsequent homogeneous nucleation from the supersaturated vapour. The process
may be operated in the presence of a reactive gas such as hydrogen or quenching
gasses including argon and helium. In laser ablation, a short burst of laser energy
heats and evaporates a small volume of material [16]. Using this process, silicon
nanoparticles in the 5-60 nm size range have been produced in small quantities
[57-59]. Silicon nanoparticles can also be produced by a high-current arc between
two sacrificial silicon electrodes [15] which vaporises them [15, 23]. In sputtering
[47], an inert gas is ionised by a high voltage potential, resulting in the ions being
accelerated towards a precursor target to release the material on impact. This

technique has been used to produce silicon nanopowders in hydrogen-rich plasma

15



[60]. Finally, silicon nanoparticles may also be produced by electrochemical
processes. A silicon wafer is inserted into a hydrogen fluoride solution in the
presence of an external current originating from a platinum cathode. Highly
uniform silicon nanoparticles, in the 1 to 5 nm range [61], as well as porous silicon,
can be produced by this electrochemical etching of the bulk silicon [49, 62]. The
advantage of this process is that particles can be produced with a narrow size
distribution [37, 63] and, furthermore, the process allows the nanoparticle surfaces

to be capped with active molecules.

3.2 Chemical vapour reactions

All production techniques based on chemical vapour reactions are bottom-up
processes. These processes are characterised by energy induced chemical reactions
in the gas phase, which, depending on conditions like pressure, temperature, the
abundance of precursor and the substrate temperature, either lead to gas phase
nucleation of particles or the deposition of thin films on cooler substrates [64].
Chemical vapour deposition (CVD) is for instance extensively used for the
deposition of microcrystalline [19, 65], polycrystalline [66-68] and amorphous [65,
69] thin films of silicon [67, 70], synthetic diamond, carbon, silicon carbide, silicon
nitride and a number of polymers [71, 72]. When the CVD process is used for the
production of nanoparticles and nanostructures it is referred to as chemical vapour
synthesis (CVS) or pyrolysis. While pyrolysis refers to the cracking of molecules into
radicals such as atoms and complex ions, synthesis describes the building of larger
units such as particles from these atoms and radicals. CVS is useful for the bottom-
up production of nanoparticles, nanowires [73] and nanotubes [74] of various
elemental compositions including silicon. The CVS processes suitable for silicon
nanoparticle production are usually defined by the energy source that initiates the
chemical reaction in the vapour phase such as: furnace, laser, and plasma and
flame pyrolysis. Under favourable pressure and temperature conditions, the gas-
phase decomposition of the reactants in all these processes will lead to
supersaturation, homogeneous nucleation and nanoparticle formation. Each of

these processes will be discussed briefly.
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Furnace pyrolysis

A furnace reactor is characterised by a high temperature zone, normally
produced inside a quartz tube under vacuum, into which the precursor is
introduced [75]. The vapour dissociates in the high temperature region, and
particles form by subsequent cooling through rapid expansion or by the
introduction of an inert cooling gas. Nanoparticles are usually collected down

stream from the high temperature zone, before they can enter the vacuum

pump.

Laser pyrolysis

In laser pyrolysis the precursor is pyrolysed in a reaction chamber, by an
infrared (CO,) laser beam. The laser may be pulsed to produce rapid localized
heating and rapid cooling of the gas. Due to its versatility and controllability,
laser pyrolysis has been used extensively for the production of silicon
nanoparticles from silane [15, 16, 48, 50, 76, 77]. The process allows good
control of the composition, shape and size distribution of the particles [78] and
dependant upon the process parameters is suitable for the production of
silicon crystallites of high purity with a diameter between 2 and 60 nm [7, 79].
Amorphous silicon nanoparticles with a similar size distribution have also

been produced [80].

Plasma pyrolysis

This process is based on the dissociation of precursor molecules by the
plasma, which is created in a reaction chamber by microwaves or radio
frequency (RF) energy. Gas phase reactions of the precursor and
intermediates, are activated by energetic electrons in the plasma, leading to
particle formation at elevated pressures [74]. Plasma pyrolysis is suitable for
the production of crystalline silicon nanoparticles from silane gas [81] with a
particle size range between 2 to 200 nm [22, 82, 83] depending upon the
process parameters. As plasma synthesis is relatively simple and scalable [83]
it is used to produce nanopowders of many different materials on an industrial

scale [84], including SiO, nanopowder [85].
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Flame pyrolysis

In flame pyrolysis, the precursor, which may be a powder, liquid or vapour, is
mixed with a combustible carrier which is injected into the flame. Due to the
high energy density in the flame, the precursor is pyrolysed by temperatures
as high as 2400 °C. The coupling of the particle production to the flame
chemistry, makes flame pyrolysis a complex process that is difficult to control
[15] and usually leads to agglomerated and oxidised particles [15]. While flame
pyrolysis is extensively used for the production of oxide particles with
diameters ranging from 10 to 100 nm [86], it is not generally useful for the

synthesis of elemental nanoparticles.

Basic chemical reaction process

A graphical representation of the basic chemical reaction processes leading to the
chemical vapour deposition of thin films and the chemical vapour synthesis of
nanoparticles is shown in figure 3.1. For silicon film synthesis, the precursor gas is
most often mono-silane with the possible addition of dopant gases such as diborane

or phosphine, as well as carrier gases including He, H, [87, 88], Ar and N, [83].

Figure 3.1 Graphic representation of the basic chemical reaction processes and physical

steps in CVD of thin films and CVS of nanoparticles. (modified after [89, 90] )
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Starting on the left of the diagram in figure 3.1; upon injection of the precursor gas
or vapour into the reactor, homogeneous gas phase reactions take place, initiated
by a heat source. These chemical reactions include bond breaking or dissociation of
the precursor molecules, to produce reactive intermediates including atomic ions
and complex radicals which are the species for particle and film growth.
Furthermore, as shown in figure 3.1, depending on the conditions in the reactor
such as pressure, temperature and precursor concentration the process will either
favour layer growth or powder formation. When the vapour pressure exceeds the
condensation pressure, at the prevailing temperature, the process is in
supersaturation. Gas phase reactions of species now lead to homogeneous
nucleation and coagulation in the vapour phase, resulting mainly in powder
synthesis [15]. In contrast, the film growth process is operated at much lower
pressures. Species are adsorbed on the substrate surface, which is often hot,
resulting primarily in layer growth by surface diffusion and nucleation. Volatile by-
products such as hydrogen, as well as un-reacted species produced by the

processes, are removed by the exhaust system.

The nucleation and particle growth may further be linked to the probability of
collisions between particles of the species in the reactor, which depends on their
mean free path. The Knudsen equation gives the molecular flux per unit area J for a

stable gas or vapour [91]

where N is Avogadro’s number, M is the molar mass of the gas, R is the ideal gas
constant and T is the temperature. From equation 3.1 it is clear that higher
pressures and lower temperatures will increase the probability of collision and thus
growth rate of particles in the vapour [90]. However these conditions may also lead
to agglomeration and coagulation [22, 85] which can be avoided by rigorous control
of nucleation-condensation conditions such as diffusion and turbulence, as well as
by the effective collection of nanoparticles [84]. Furthermore, the size, shape and
crystallinity of the particle are mainly dependant on the synthesis pressure, the
time spent in the high temperature zone and the cool down profile. In general an

increase in synthesis time and pressure will result in larger particles [46, 83, 92].
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Inert quenching gases may, however, be used to limit particle growth [15] and
aggregation [15]. While the exact mechanism under which amorphous or crystalline
particles will form is still not fully understood [93], higher power density [22] as well
as higher temperature and pressure generally lead to crystalline nanoparticles [13,

22, 83] whereas lower pressures results in amorphous particles [22, 85, 94-96].

Doping

In gas phase reactions the dopant is simply included in the precursor gas mix
during synthesis [97]. For instance diborane (B2H¢) and phosphine (PHs) have been
used as dopant gases, mixed with silane (SiH4) [98], for the chemical vapour
deposition of silicon thin films [19-21] and in one case the synthesis of silicon nano-
crystallites using plasma enhanced chemical vapour deposition [12]. During the
deposition process the dopant and precursor gases are both dissociated and take
part in the production of the films, to be incorporated in the silicon structures. In
general an increase in dopant concentration in the synthesised silicon structure is

expected with an increase in dopant gas concentration [99].

3.3 Silicon nanoparticle production by hot wire
thermal catalytic pyrolysis

The hot wire thermal catalytic pyrolysis (HWTCP) process is based on the well
known hot wire chemical vapour deposition (HWCVD) process, operated at higher
pressures, where gas phase nucleation dominates. From its beginning in 1979 [100]
and through extensive study and development of the technique [101-105], HWCVD
is now suitable for large scale deposition of protective Teflon coatings [72], thin film
transistors [106] and high-efficiency solar cells based on amorphous and
microcrystalline silicon [68]. For silicon films the precursor is most often mono-
silane which may be diluted by H, [21] or He [67]. Due to the catalytic
decomposition reaction of the silane on the filament, composed of tungsten,
tantalum or molybdenum [107, 108], the hot wire is very efficient at dissociating the
silane molecules, producing a large flux of radicals, which are the growth species
responsible for the high rate of layer growth [109]. The type and abundance of
species will depend on the pressure, filament temperature and precursor

composition as shown by some of the chemical reactions on the filament [110]:
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SiH4+ — Si + 4H
SiH4s — SiH, + Ho
2SiH4 — 2SiH3 + Ha.

Further reactions in the gas phase typically include [101, 108, 110, 111]:

H + SiH4y — SiHsz + Ho
H + SiH; — SiHz + Ho
SiH3; + SiH3 — SiH4 + SiH»
Si+ SiH4 — SioHz + Ho
SioH> + SiH> — SizHs + Ha

Through both, experimental studies and numerical modelling, more than 30 vapour
phase reactions and at least 10 surface reactions have been suggested [110-112].
The properties of materials produced will mainly be affected by temperature
gradients in the reaction chamber caused by differences in flow due to geometry
[67], filament temperature [113] hydrogen concentration [114] [115] and substrate
temperature [116]. Furthermore, in hot wire reactors the decomposition rate of
silane depends upon the process pressure, which determines the mean free path of
radicals and temperature of the catalytic filament which, above 1700°C,

decomposes almost all of the silane [70].

3.4 Spark pyrolysis as a new route to silicon

nanoparticle production

For the first time, as part of this research, spark pyrolysis (SP) of silane was
investigated for the production of silicon nanoparticles. Although electrically
excited, the process has most similarities with pulsed laser pyrolysis [79], which
has short heating and rapid cooling cycles [85]. While the synthesis of silicon
nanoparticles by the spark pyrolysis of silane is novel, similar techniques have been
used to research the possibility that organic compounds were formed by lightning
in the atmosphere of the young earth [117, 118]. Other reports of spark research
focus on the processes in the internal combustion engine [119] and the ignition of

combustible gases and vapours as part of industrial safety experiments [120].
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The spark can be defined as a sudden breakdown or ionisation of an insulating gas
or vapour, due to a high electric field between two electrodes. Free electrons and to
a lesser extent ions, form the current of charge carriers in the plasma of the spark
[55] resulting in a near instantaneous heat source [121]. The spark plasma may
reach temperatures between 5000 °C [122] and 22000 °C [123] in a few micro
seconds. This high temperature heat source is expected to rapidly dissociate the
silane and dopant gases during the production of doped silicon nanoparticles by SP.
The shock wave formed by the rapidly expanding plasma channel may also play a
role in the particle formation [S5]. Spark discharges, however, generally contain

complex plasmas with an ill-defined temperature profile [124].

In the next chapter the synthesis system and experimental procedures, leading to

silicon nanopowder production will be discussed.
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4. SYNTHESIS OF SILICON
NANOPARTICLES

Taking into account the general considerations of the previous chapter, a basic hot
wire thermal catalytic pyrolysis (HWTCP) synthesis system was designed and
constructed. In the course of developing and testing this system a new method for
the production of silicon nanoparticles was devised. This emerging synthesis
technique was called spark pyrolysis (SP). The system was thus modified to
accommodate both HWTCP and SP. In this chapter, the two production methods as
well as the general characteristics of the system will be discussed. Emphasis is also
given to the description of the experimental procedures and the silicon nanopowder

samples produced.

4.1 Principle and overview of the combined hot wire
thermal catalytic and spark pyrolysis system

Starting at a high level, the synthesis system consists of four main functional units;
the gas supply and control, the reaction chamber, the vacuum system (pumps) and
the instrumentation. The basic synthesis system is shown in figure 4.1, with details
of its components given in the caption. Starting with the gas supply system, all
gases pass through mass flow controllers which supply them in a measured
quantity to the reaction chamber where synthesis takes place. Vacuum pumps
connected to the reaction chamber remove gaseous by-products to the exhaust
processing unit. All controllers, meters and power supplies form part of the

instrumentation. A complete system diagram is shown in Appendix A.
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Figure 4.1 The nanoparticle synthesis system comprising (a) gas supply lines, (b) mass
flow controllers, (c) reaction chamber, (d) supply flange, (e) magnetic feed-
through rod (f) turbo pump, (g) cold trap on top of rotary pump, (h) high
voltage power supply, (i) pyrometer, (k) instrumentation and (m) oscilloscope

and thermocouple readout.

In general the chamber requires only minor changes to the internal configuration
when alternating between HWTCP and SP as discussed below. Furthermore, the
spark gap, production pressure, filament temperature and gas flow rates can be
varied and maintained. The major sections of the system, including relevant

instruments, will now be discussed in detail.

4.1.1 Gas supply

Three precursor gases were used in the production of doped silicon nanoparticles;

silane (SiH4), a mixture of 15% diborane (B:H¢) in silane and a mixture of 15 %
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phosphine (PHj;) in silane, all with a purity of 299.99% (H2 < 50 ppm, Nz < 1 ppm,
O2 < 1 ppm and H,O < 1 ppm). As these gases are pyrophoric, the 10 litre cylinders,
containing 2 kg of gas, were housed in fire proof Dlipperthal G90 cabinets. To flush
the system, nitrogen with a purity of 299,8 % (H20 < 40 ppm and O: < 100 ppm)
was supplied to the laboratory from a gas bank outside the building. All gases are
supplied through stainless steel tubing (figure 4.1(a)) to the mass flow controllers
(figure 4.1(b)) and the reaction chamber (figure 4.1(c)) through safety shut-off
valves. The mass flow controllers determine the ratio of each precursor gas supplied
to the reaction chamber. A MKS 6476 unit was used to control two MKS 1779A
mass flow controllers with a 0-10 sccm range for the diborane and phosphine, and

a MKS 2179A with 0-100 sccm range for the silane.

4.1.2 Reaction chamber

The reaction chamber which has a volume of 6.58 litres can easily be removed for
powder collection and consists of a 270 mm long stainless steel cylinder with a 250
mm inside diameter and a CF200 flange on each end. One of these flanges connects
to the Adixen ATH 300 turbo pump and Edwards E2M8 two stage rotary pump. The
other chamber opening is closed by the supply flange containing the gas supply and
electrical feedthrough (figure 4.1(d)). A type K (chromel-alumel) thermocouple is
mounted on a movable rod on the inside of the chamber, to allow the monitoring of
temperature profiles, linearly through the chamber. Another type K thermocouple
measures the temperature of the outside of the chamber wall which is cooled by a
12.5 mm diameter copper tube which is wound around the chamber and supplied
with about 2 1/min of room temperature tap water. Quartz windows on the side of
the chamber cylinder allow line of sight temperature measurements of the filament
by a pyrometer, mounted outside the chamber. The pressure inside the reaction
chamber is controlled by a MKS600/MKS722A controller and pressure gauge
combination which adjusts a MKS 253B-20-40-1 motorised butterfly valve mounted
at the exhaust output of the camber. An Alcatel ACS 1009 pressure gauge and ACS
1000 controller supply a constant readout of the pressure inside the chamber. The

output of the rotary pump is vented to the scrubber.
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4.1.3 Deposition system for hot wire thermal catalytic pyrolysis

The schematic in figure 4.2(a) shows the chamber configuration for HWTCP and
figure 4.2(b) is an image of the inside of the supply flange. A low voltage high
current power supply heats the HWTCP filament (1) through two insulated
mounting rods (2). The filament is the heated catalyst for the pyrolysis of the

precursor gases.

(a) (b)
Figure 4.2 (a) Schematic of the HWTCP configuration and (b) image of the main flange of

the reactor.

Continuing with figure 4.2, a thermocouple mounted on a rod (3), can be moved
linearly towards the filament, using the magnetic stage. It was used to measure the
temperature of the inside of the chamber. The gas supply nozzle (4) and all other
supplies to the reactor are fed though ports on the supply flange (5). The filament
(1) consists of a 0.5 mm diameter tungsten wire coiled with an inside diameter of 6
mm and about 14 turns. The temperature of the filament is measured through a
quartz window by a Raytek MR1S two colour IR pyrometer and controlled manually,
by adjusting the Texico PS36-30 power supply with a maximum rating of 36 V and
30 A.

4.1.4 Deposition system for spark pyrolysis
As shown in figure 4.3 (a) and (b), the spark pyrolysis system uses the same

vacuum configuration as the HWTCP system, with only a few changes to the

internal components on the supply flange. The Dynamco 30kV high voltage power
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supply connects to the tungsten spark filament (1) with adequate Teflon insulation
(2) at the feed-through ports on the supply flange (3). The spark gap was formed by
mounting two 0.5 mm diameter tungsten wires in the same mounts as the hot

filament, such that the gap is roughly aligned with the gas supply nozzle.
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Figure 4.3 (a) SP configuration and (b) image of main flange supporting the conduction

rods and spark electrodes.

The spark characteristics were measured with a current and voltage probe
connected to the current line, as shown in figure 4.3(a), and recorded by a Rigol
DS1302CA digital oscilloscope with a bandwidth of 300MHz and sample rate of
2x10%9 per second. The high voltage power supply is shown in the simplified
schematic in figure 4.4, and consists of a charging transformer with rectifier and a
100 nF output capacitor C. The inductance L originates from all wires inside and

outside of the power supply.

Figure 4.4 Simplified high voltage LC circuit of the spark gap and power supply.
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4.2 Vacuum quality

Impurities in the vacuum system will mostly affect the nanoparticle composition
and surface properties. These impurities can be attributed to virtual and real leaks
as well as residual gases such as air and water vapour. The best base pressure
achievable will depend on the leak rate, the pumping speed and the pumping
duration [90]. Leaks were investigated by using the residual gas analyser (RGA) as a
helium detector and introducing helium to the outside of flanges and joints. In
general the lowest pressure achieved after 3 hours pumping was in the order of 1.0
x 10-7 mbar with the turbo pump and 5.0 x 10-3 mbar using the rotary pump. Two
techniques are available to estimate the amount of residual gas in the system, or
entering through leaks. The first, using the RGA and the second by measuring the
pressure increase in a closed system. Both were tested on the system as part of the
preparation for the synthesis of batch HW10(P533) with a production pressure of 10

mbar and pure silane only.

As a first test of vacuum quality, an Annevac 2 RGA was used to measure the
residual gas of the system at a total pressure of 1.5 x 10-¢ mbar. The analogue
signals were recorded on a digital oscilloscope and plotted as shown in figure 4.5.
The molecules and corresponding atomic mass unit of the four most intense peaks
in the RGA spectra of figure 4.5 are presumed to arise from O (16), OH (17) and H20
(18) and N» (28). Peaks corresponding to species heavier than 40 atomic mass units
are often assigned to hydrocarbons [125] which may originate from oil vapours that

back-stream from the roughing pump.
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Figure 4.5 Atomic mass plotted against concentration of an evacuated chamber.
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As an approximation it is assumed that the residual gas is made up of only these
four species. The oxygen partial pressure in the reactor can now be calculated using
the areas of the Gaussian fits of these four peaks. It is the product of the total
pressure and the ratio of the sum of the oxygen containing peak intensities to that

of the sum of all peak intensities [125] :

Pous) +0-9Anar) +0-33A, oag

Fo = Protal N N N N
Avany T Poasy T Poran + Avoas T A,

), 4.1)

so that Py, is estimated as 0.388Pr.. The molar quantity of the oxygen in the

residual gas can now be calculated using the Boltzmann equation:

n =ﬂ, (4.2)
RT

where Py is the oxygen partial pressure, V the volume, T the temperature and R is
8.314J/mol.K. The result is n = 1.55x10-10 mol. This quantity is clearly orders of
magnitude lower than the typical 2.8 x 102 mol of elemental silicon produced in 8

minutes during a production run.

In a second approach the leak rate can be determined by measuring the rise in
pressure of a closed system, in a fixed period of time [90]. After achieving a pressure
in the order of 10-6¢ mbar, the isolation valve was closed and the rise in pressure
over a time period recorded. The gas load of all leaks in the system Gy, is given by
the equation:

n
GL:T

, (4.3)

where n is the number of moles, and tis the time period in which they leak into the
system. In batch HW10 (P533), on which the RGA test was performed at 24°C, the
pressures increased from 1.4 x 10-5> mbar to 1.2 x 10-3 mbar in 24 seconds. The

value of Gi can be calculated by rewriting equation 4.3 as

(R’]igh B Fl)ow)v

G =
- RTt

(4.4)
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The resulting gas load is 1.4x10-8 mol.sec-l. Assuming that the leak continues at the
same rate during synthesis, the total molar contribution of leaks over the 8 min
synthesis period is only 6.7 x 10-¢ mol. As it is not possible to differentiate between
the components in G it is assumed that all of it is oxygen. The percentage of oxygen

in the nanoparticles attributable to the leak can thus be calculated as:

_ Ny, .100%

np ’

Mo, +Ng

0 (4.5)

where nor and ns; are moles of oxygen atoms in the leak gas and silicon atoms in the
nanoparticles respectively. Using the quantity of silicon produced as 395 mg, the
oxygen concentration should be 0.024%. Due to its simplicity and applicability to
continuous production, the above method was used to determine the state of the

vacuum before each synthesis run.

4.3 Filament characteristics in the hot wire thermal
catalytic pyrolysis system

The temperature profile of the gas surrounding the 1800°C wire, during synthesis
conditions of 40 mbar and a silane flow rate of 50 sccm, was determined using a
thermocouple, mounted on a linear movable rod as shown in figure 4.2 marker (3).
The temperature profile shown in figure 4.6 was recorded as a function of distance

from the filament.
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Figure 4.6 Temperature profile of volume around the filament, inside the chamber.
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As expected the data of figure 4.6 shows a gradual decrease in temperature with an
increasing distance from the filament. This rate of temperature decrease is expected
to have an effect on the cooling rate and thus the characteristics of nanoparticles

formed.

Another important aspect of hot wire chemical vapour synthesis is the condition of
the filament. Compared to HWCVD, the HWTCP process operates at a much higher
pressure. The effect is a visible deterioration of the filament over short operating
times, as shown in figure 4.7, starting with cracking, deposits near the mounts and

eventual breaking. Similar results have been reported in literature [126].

(@) (b) (©)

Figure 4.7 SEM micrographs at 80x magnification, of a typical tungsten filament (a)
before synthesis and (b) after 8 min operation at 1800 °C in 5 mbar mono-

silane. (c) Section of a broken filament.

The ageing of the filament is accompanied by an increase in the diameter, as
illustrated by directly comparing the filament before synthesis (figure 4.7 (a)) to that
after synthesis (b). In figure 4.7 (c), the deterioration and cracking of the outer layer
of the filament is clearly visible. These images were taken on a JEOL JSM7500F
analytical Field Emission SEM at a beam energy of 5 keV at 80x magnification. The
filament ageing is partly attributable to the reaction of silicon which deposits on the
filament and the tungsten of the filament itself [106]. It results in the formation of a
tungsten silicide alloy [67, 127]. Studies on the lifetime improvement of filaments
suggest filament temperatures higher than 1700°C for HWCVD [128, 129]. The

filament in this research was thus maintained at 1800°C for all production runs.
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4.4 Characteristics of the spark pyrolysis system

For the first time, a spark was used as the energy source for the pyrolysis of silane
to produce silicon nanoparticles. The breakdown voltage in a gas, depends on the
width of the spark gap and the pressure [55, 124]. To characterise the spark, the
relationship between the gas pressure and breakdown voltage as well as the spark
energy was determined. The breakdown voltage was measured over an 11 mm
spark gap between 0.5 mm diameter tungsten wires, by filling the reactor with
silane to a pressure of 150 mbar and then decreasing the pressure in 10 mbar
steps by opening the valve to the roughing pump. At each pressure, starting from a
low value, the voltage over the spark gap was increased until breakdown occurred.
This breakdown voltage Vi, captured by a Fluke 73 voltage meter with a Fluke 80k-
40 high voltage probe, and the pressure P, are plotted as a Paschen curve in figure
4.8.
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Figure 4.8 Paschen curve for silane, with a fixed spark gap of 11 mm.

A polynomial fit on the data of figure 4.8 gives a useful equation for the

approximation of the breakdown voltage V), for a specific spark gap in silane:

V, =-8.26(R.d,)? +3.70(R,.d,) +820.22 , (4.6)

where the pressure P, and spark distance d, is known. Generally at pressures
below 20 mbar, glow discharge and accelerated growth of structures on the

electrodes was observed.

32



Two methods were used to approximate the energy of the spark: firstly, by simply
calculating the energy stored in the discharge capacitor of the high voltage power
supply [122], and secondly by measuring the current and voltage characteristics of
the spark [130]. A Rigol DS1302CA oscilloscope with a sampling rate of 2x109 s-!
and a bandwidth of 300MHz, was used for the spark discharge measurements. To
minimise inductance effects the capacitor was directly connected to the spark gap
with short leads. As is common in high voltage measurements [131], a 1:10000
resistive voltage divider was used with a 100:1 oscilloscope probe. As shown in
figure 4.9, the spark circuit was left in free running mode, where the discharge
capacitor is repeatedly charged until the breakdown voltage is reached. The average

frequency and breakdown voltage, as shown in figure 4.9, is 9.5 Hz and 4602 V

respectively.
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Figure 4.9 Free running, high voltage capacitor charge, breakdown and discharge cycle

for a 12 mm spark gap in 160 mbar of silane.

In the first approximation the spark energy is assumed to be equal to the energy
stored in the capacitor C of the high voltage power supply at the breakdown voltage
V» [122]. It may be calculated using the equation,

Using equation 4.6, derived from the Paschen curve, the breakdown voltage for an
11 mm spark in 80 mbar of silane is 3.5 kV. Given that the capacitor of the high

voltage power supply is 100 nF, the average energy of the spark is estimated to be
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0.61 J. In the second approximation, the energy was calculated by measuring the

change in current and voltage of the spark over the time. In figure 4.10 the current

and voltage characteristics of a 12 mm spark in 80 mbar silane is presented.
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Figure 4.10 Current and voltage plot of a 12 mm spark in 80 mbar silane.

The oscillation or ringing in both current and voltage, visible in Figure 4.10, can be

explained by stray inductance in the power supply and wires leading to the spark

gap combined with the storage capacitor [55, 123]. The product of the current and

voltage of the spark, or power, is shown in figure 4.11.
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Figure 4.11  Plot of Power (VI) vs. time of the spark discharge.

34



The duration of the current flow in the spark plasma can be derived from figure
4.11. It is in the order of 100 ns. The spark energy can be approximated by the
integral of the power over time, i.e. the area under the graph. As shown in figure
4.11, this was achieved by fitting Gauss curves to the first 10 peaks and adding the
areas. Using the method above, and taking into consideration that losses due to
radiation and power dissipation in the circuitry have not been considered, the

approximate upper limit of the energy of this spark is 0.72 J.

A challenge in using a spark for silane pyrolysis is the control of the build-up of
silicon on the spark electrodes, which may reduce the spark distance and affect the
spark characteristics. As shown in figure 4.12 the tips of the tungsten spark
electrodes which start as clean cut wires (inset), change shape during silicon
nanoparticle production of 18 min, presumably due to the build-up of sputtered
tungsten as well as deposited silicon. During the discharge, electrons will flow from
the cathode figure 4.12 (right) to the anode (left). Furthermore, due to a change in
conductivity of the deposit, the current may originate and strike at different

locations on the spark electrodes.

Figure 4.12  Spark electrodes at start of production (inset) and after 18 min of production
(main image) at 80 mbar and 0.1 % diborane. (The distance between
electrodes has been reduced for the image and the scale bar applies to both

images)
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4.5 Silicon nanoparticle production

The HWTCP/SP system was used within a predetermined parameter set presented
in table 4.1 to systematically produce silicon nanoparticles. These parameters were
generally based on the overview in chapter 3 as well as the experience gained in

testing the system.

Parameter HWTCP SP

Pressure 5 to 40 mbar 40 to 400 mbar

Flow rate 25, 50 sccm 25, 50 sccm

Filament temp. 1800 °C -

Spark energy - 0.1-5J

Gas doping ratio 1:100, 1:1000, 1:10000 1:100, 1:1000, 1:10000
Table 4.1 Parameter set for the production of silicon nanoparticles

The generic production procedure from the preparation of the system to the
harvesting of powders is captured in the flow diagram presented in figure 4.13
below. The only difference between the two methods of production (light grey
shapes), is the choice of which filament is mounted in the chamber, the power
supply connected, and the production parameters in the “Start/Control” and

“Record” steps.

Considering the self explanatory flow diagram in figure 4.13, only a few aspects in
the production process will be discussed further. In the system preparation, the
best base pressure, lower than 10-5 mbar, achievable after about 1 hour of pumping
with a turbomolecular pump, was taken as sufficient. The outgas rate was now
measured as described earlier in section 4.2. The reactor was filled with the
precursor gases, to the desired control pressure. Before commencement of
production the turbo pump was isolated and the roughing pump connected directly
into the exhaust stream. Only then was the filament heated or spark started.
During production the pressure and flow rates were automatically maintained,
however, the filament temperature was controlled by constantly monitoring the

pyrometer and manually adjusting the filament current.
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Figure 4.13  Flow diagram of the generic production procedure from the preparation of the

system (top left) to the production and harvesting of powders.

During spark synthesis the high voltage power supply was set to a voltage
sufficiently higher than the break-down potential, and left in free running mode. All
powders where collected by first filling the chamber with nitrogen gas to
atmospheric pressure and then opening the chamber to atmosphere. The powder
was now scraped off the sides of the chamber with a plastic spatula. This harvested
powder was then stored as a single batch in a plastic container. All parts were
cleaned by blowing with high pressure dry air and by wiping with laboratory
cleaning cloth. To prevent possible contamination, no organic solvents were used in
the cleaning process. For safety reasons, and to prevent possible contamination, the
system was kept under vacuum, when not used. Likewise, all unused gas supply

lines were flushed with nitrogen and kept at 4 bar of nitrogen pressure.

37



The parameters and sample number of each production run for intrinsic powders is

listed in table 4.2 and those for doped powders in table 4.3.

Table 4.2

Synthesis Pressure Flow rate Silane
Process (mbar) (sccm)

HW TCP 5 50 HWS5 (P531)
HW TCP 10 50 HW10 (P533)
HW TCP 20 50 HW20 (P534)
HW TCP 40 50 HW40 (P535)

SP 80 50 SP80 (P731)
Pyrophoric 670 200 Silicon Oxide (P200)

List of batch numbers and production conditions of intrinsic powders.

As evident in the last columns of table 4.3, doping was achieved by adding

phosphine and diborane to the precursor gas. The nominal doping concentrations

are defined as the percentage of dopant gas to the total precursor gas. The actual

concentration of dopant atoms in the particles produced may not necessarily be the

same as this nominal doping concentration.

Dopant gas ratio
Pdaopant / (Pdopantt Psilane)
Process | Dopant P L J 1:10 000 1:1 000 1:100
gas (mbar) | (sccm) (0.01%) (0.1%) (1%)
HW TCP | Diborane 40 50 HW40B0.01 HW40BO0.1 HW40B1
(P881) (P882) (P883)
HW TCP | Diborane 5 50 HW5B0.01 (P891) | HW5BO0.1 (P892) | HW5BI (P893)
HW TCP | Phosphine 40 25 HW40P0.01 HWA40PO0.1 HW40P1 (P830)
(P840) (P810)
HW TCP | Phosphine 5 25 HWS5PO0.01 (P851) | HW5PO.1 (P852) | HW5PI (P854)
SP Diborane 80 50 SP80B0.01 (P871) | SPSOBO.1 (P872) | SP80B1 (P873)
SP Phosphine 80 25 SP80OP0.01 (P861) | SP8OPO.1 (P862) | SP8OPI1 (P863)
Table 4.3 List of batch numbers and production conditions of doped powders. All

HWTCP runs lasted for about 12 min while those for SP lasted for about 18

min.
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4.6 Powders produced

After the completion of each production run as listed in table 4.2 and 4.3, all the
inside surfaces of the reaction chamber were covered with an easy to collect, low
density layer of powder. It was observed that powder produced by SP (figure 4.14(a))
is generally more uniform in colour and thickness than powder produced by
HWTCP (figure 4.14 (b)) where, for some production runs, different regions marked
X, Y and Z in figure 4.14 (b), differed in colour. The colour pattern partially

corresponds to the location of the filament and current supply rods in the chamber.

(b)

Figure 4.14 Images revealing the inside of the reaction chamber, in the direction of the
vacuum pump, after the production of intrinsic silicon nanoparticles by (a) SP
at 80 mbar and (b) HWTCP at 20 mbar.

Due to the lack of distinct boundaries between areas containing different coloured
powder (figure 4.14 (b), their selective collection was not attempted. All powders
were collected as a single production batch, to be characterised as an average

representation of that production run.

A further general observation in HWTCP is the change in colour of the powder
depending upon the pressure during synthesis. While SP powders, which were
produced at 80 mbar and higher, are always light ochre in colour, HWTCP powders
gradually change from wine red at 5 mbar to a light ochre colour at 40 mbar. This
colour change is shown in the images of powder deposited on the catchment plate

at the vacuum pump exit in figure 4.15.
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(@) (b) (c) (d)

Figure 4.15 Intrinsic nanopowder produced by HWCVD, depicting the colour change from
(a) wine red produced at Smbar, to (b) brown at 10 mbar, (c) light brown at 20

mbar and (d) ochre at 40 mbar.

For each production run, all powder in the chamber was collected and weighed as

one sample. The yield was calculated as

Y = (Ngy + nsynth)

npowder

, (4.8)

where nsm and nsynn are the molar amounts of precursor gas used to fill the chamber
and injected into the process during production, respectively and npowderis the molar
amount of silicon in the powder collected, assuming it is pure silicon. Typically the
SP process delivered 300-500 mg of powder in 18 minutes of production, while
HWTCP produced 500-800 mg in 12 minutes. Taking into consideration a loss of 5-
10% during harvesting the yield of SP is between 20 and 40% at 80 mbar and that
of HWTCP between 60 and 80% at 40 mbar. The results indicate that HWTCP is
generally twice as effective as SP in converting the silane to silicon nanoparticles.
This trend can be expected, given the continuous heat source of the filament

compared to the cyclical and short lived spark energy source.

In the next chapter the properties of the silicon nanopowders and nanoparticles will

be investigated and discussed.
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5. CHARACTERISATION TECHNIQUES

In this chapter the apparatus and techniques used for the characterisation of the
nano-powders will be discussed. Included are structural, compositional,

spectroscopic and electrical techniques.

5.1 Structural characterisation

5.1.1 Transmission electron microscopy

A JEOL 2100 transmission electron microscopy (TEM) with a 200kV acceleration
voltage and LaBs filament was used in bright field mode, to determine the
agglomeration, size, shape and crystallinity of the nanoparticles [7, 85]. The
microscope has a point resolution of 0.2 nm and is equipped with a Gatan US1000,
2048 x 2048 pixel CCD camera.

Nanoparticles were prepared for TEM analysis by adding small quantities of powder
to about 5 ml of methanol [96, 132] and facilitating the dispersion of the silicon
nanoparticles with a 25 Watt probe sonicator for 5 seconds. A glass pipette was
used to collect small amounts of this colloidal liquid from the centre of the
dispersant volume. One drop of the solution was released onto the centre of an Agar
Scientific 300 am holey carbon film coated copper grid located on filter paper. The

deposited solution was allowed to dry in air.

To determine the agglomeration, size and shape of the silicon nanoparticles the
TEM was operated in the 20000x to 30000x magnification range. To enhance the
contrast of the particles for easier and more accurate size determination, images
were slightly under-focussed, resulting in a white line around the perimeter of the
particles in the image. TEM images were taken of different clusters, which were
chosen at random, from different positions on the TEM grids. Particle size was

determined by measuring the Feret diameter, defined as the diameter of the
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smallest circle which encloses the particle [133], of more than 500 particles, on
TEM images of particle clusters, using ImageJ v.1.36b software.

For the investigation of the particle surfaces and internal structure, the TEM was
operated at a high magnification between 300 000 and 1.5 million. Images were
taken at different focus intervals, starting at an under-focus condition, moving
through focus, and ending at an over-focus condition. The comparison of the atomic
structure in the through focus images allowed for the identification of the image
where the extended Scherzer defocus is at optimum [134]. Under such conditions
the spherical aberrations of the TEM lenses are balanced by the shift in focal

position so that maximum resolution is achieved.
5.1.2 X-ray powder diffraction

To determine the crystallinity of the powders, x-ray powder diffraction (XRD) was
performed with a Panalytical PW3040/60 E’Pert Pro diffractometer, operated with
CuKa radiation with a wavelength of 0.15406 nm, at 45 kV and 40 mA. The
diffraction pattern was collected from 10° to 90° in 20 at 0.02° steps. The
diffractometer was equipped with a divergence slit of 1/5°, an anti-scatter slit of “%°
and a detector mask of 7.5 mm. To achieve a high density and smooth surface for
the XRD sample, the silicon nanopowders were compressed into 10 mm diameter
tablets, directly onto double sided adhesive tape on a 12 mm square stainless steel
plate (1mm thickness), with a pressure of 50 MPa. The same tablets were also used
for Rutherford backscattering spectrometry, energy dispersive x-ray spectroscopy
and Raman spectroscopy. Using a glass microscope slide, the powder tablets were
positioned in the centre of the standard stainless steel XRD powder sample holder,
using adhesive putty, in such a way that the top surface was level with the surface
of the holder. No background subtraction was performed on any of the XRD
patterns. From the XRD pattern the crystallite size t may be estimated by the

Scherrer equation

KA

t=——, (5.1)
Bcosg,

where K is a constant dependant on the crystallite shape (taken as 0.9), A is the x-

ray wavelength and 6p is the Bragg angle. B is the FWHM of the silicon nanoparticle
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diffraction peak after corrections have been made for instrumental line broadening

[135].
5.2 Compositional characterisation

5.2.1 Energy dispersive x-ray spectroscopy

Two systems were used for energy dispersive x-ray spectroscopy (EDX) to determine
the bulk composition of the silicon nanopowders, both operated with an electron
beam energy of 5 keV. A Leica S440 SEM and a Kevex 3600 EDX detector was used
at a 200x magnification to collect spectra for 45 min, from a 400 x 400 ym area at a
probe current of 1nA. A JEOL JSM7500F analytical Field Emission SEM and a
Thermo Scientific UltraDry silicon drift detector were used to collect spectra at a
4000x magnification, for 120 seconds. The detector which has a + 3 eV resolution
achieved a count rate of more than 10000 counts per second during measurements,
at a working distance of 8 mm. Using the Jeol system, phosphorus and boron
concentrations were investigated using accelerating voltages of 15 keV and 2 keV

respectively. In both cases the collection time was 600 seconds.

A typical EDX spectrum of a silicon nanopowder, in this case produced by SP at 80

mbar, with a 0.1% diborane concentration, is shown in figure 5.1.

10000 |

Counts

1000 |-,

100 B
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Energy (eV)

Figure 5.1 Example EDX spectrum of nanoparticles produced by SP with 0.1% diborane.
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The peak intensities of oxygen and silicon were determined by a least squares fit to
a model that incorporates a polynomial background (blue) as well as Gaussian
functions for the Ko emission peaks of silicon and oxygen (red). The smaller peaks
in the spectrum between the oxygen and silicon Ko peaks were treated as

background and the carbon Ka peak at 250 eV was not considered in the analysis.

A quantitative EDX analysis of the powders was made possible by using an SiO»
nanoparticle sample as a standard [136]. All nanoparticle samples, including the
standard, were prepared and measured under the same conditions, such as time,
beam energy and scanning area [137]. As the oxygen to silicon ratio of the

stoichiometric SiO; standard is 2:1, the sensitivity factor k was calculated by

k =—2§'S : (5.2)

Is
where Siis and Or are the measured silicon and oxygen x-ray intensities for the

standard. For each subsequent sample the oxygen fraction was calculated as [138§]

CO :L, (53)
S, +(0,,k)

where Sip and Oj, are the measured silicon and oxygen x-ray intensities of the

silicon powder.
5.2.2 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS), which allows elemental analysis of
materials [136, 139], independent of chemical bonding [140], was used to verify the
quantitative EDX results for a limited number of powders. RBS was performed with
a 6 MV tandem Van der Graaff accelerator, at iThemba Labs, with helium ions
(alpha particles) with acceleration energies between 1 and 4 MeV. To obtain
substantial backscatter intensity from oxygen, the energy of the ion beam was
adjusted to the resonant energy of oxygen [141-143]. The resonance was found by
using a SiO; standard nanopowder in tablet form and collecting the RBS spectra in
steps of 0.01 MeV, between 3.04 and 3.11 MeV. As evident from figure 5.2 the
maximum resonance for oxygen, on this particular instrument, was found to be at

3.09 MeV. The solid line in this graph is a polynomial fit to the data.
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Figure 5.2 Peak intensities (and polynomial fit) of the SiO, peak of the RBS spectra

collected at the different particle energies, using SiO; as a target.

All silicon nanopowders were measured at the resonance of 3.09 MV, with a beam
current of 50 £ 2 nA. The beam spot on the sample surface was 2 mm and the
scatter angle 165°, with a tilt angle of -10°. For calibration purposes, Pt/Si, Ti/Si
and SiO,/Si thin film samples where also measured together with each batch of
silicon nanoparticle samples. As shown for the example in figure 5.3, all spectra
were simulated with SIMNRA version 6.03, using the reaction file 6.03/CrSec/AO-
_FE94A.RTR for oxygen, and the standard Rutherford reaction file for silicon to

obtain quantitative information.
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Figure 5.3 Example of the simulation fit to RBS spectra of intrinsic powder produced at

S mbar, by HWTCP.
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5.2.3 X-Ray photoelectron spectroscopy

X-Ray photoelectron spectroscopy (XPS) was used to determine the composition of
the outer few nanometres of the nanoparticles [18, 144]. A Physical Electronics
Quantum 2000 Scanning x-ray system using monochromatic Al Ka radiation, with a
100 pm spot size, with a raster scan over an area of 0.5 x 0.5 mm was used. For all
samples three scans were performed: firstly a low resolution scan over the full
energy range at 1 eV per channel, secondly a high resolution scan at 0.25 eV per
channel spanning the silicon 2p photoelectron peaks, and finally a high resolution
scan at 0.25 eV per channel spanning either the boron 1s peak or the phosphorus
2p peaks, depending upon the dopant gas during production. For all spectra, the
instrumental energy shift was corrected with Physical Electronics Inc. Multipak V6
software, using the carbon 1s peak at 285 eV as a reference. The Background for
each spectrum was subtracted using the iterative Shirley method [145-148],
supplied with the same software. For each of the spectral regions of interest specific

peaks were fitted, to describe the intensities of the specific atomic orbitals.

5.3 Spectroscopic characterisation

5.3.1 Raman spectroscopy

A Jobin Yvon LabRAM HR 800 equipped with an Olympus microscope, with a 0.5 x
50 objective, and a laser excitation wavelength of 514 nm, was used to collect
Raman spectra from the compressed silicon nanopowder tablets, as prepared for
XRD. It was found that the smooth surface of the dense tablet facilitated a stronger
Raman signal and that samples were less prone to localised heating effects than
loose powders. As Raman spectroscopy is more sensitive to the length, strength and
arrangement of chemical bonds, than to the chemical composition [149], it was
used to investigate the structural order in the particles. Bulk silicon crystal is
characterised by a sharp longitudinal acoustic (LA) mode at 520.6 cm-! [150-152],
and a second order peak with a much lower intensity at about 960 cm-!. A broad
peak at 480 cm ! corresponds to the longitudinal optical mode of the amorphous
phase. In silicon thin films and nanoparticles the crystalline fraction (Xc) may be

approximated by
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|
Xo=—E—, 5.4
< I+, (5.4)

where I and Ic are the integrated intensities of the LO peak at 480 cm-! and the LA
peak at 500-520 cm! respectively. To take into account the difference of the Raman
backscattering cross section of crystalline and amorphous silicon, 1 may be
multiplied by a correction factor y, which is roughly 0.8 [153]. This calculation of
crystalline fraction is often applied in un-doped [88, 154-156] and doped [157]
silicon films, nanopowders [94] and nanowires [158]. Furthermore, the position and
symmetry of Raman peaks obtained from measurements of silicon powders are
affected by the size and shape of the particles. Generally a red shift (towards lower
wave number) and broadening of first-order Raman spectra is observed for

nanopowders [150, 151, 159] including silicon nanoparticles [94, 96, 160].

5.3.2 Fast Fourier transform infrared spectroscopy

Fast Fourier transform infrared spectroscopy (FTIR), is sensitive to chemical bond
vibrations which may be affected by the local environment surrounding the
vibration bond [59]. It is thus suitable to investigate the binding configuration of
oxygen and hydrogen in the surface region of the silicon nanoparticles [79, 96, 161,
162]. Of interest to silicon nanopowders produced for this research is the ratio of
the integrated intensity of absorption peaks at 2250 cm-!, which result from surface
Si-O vibrations [59] and at 2100 cm-!, due to surface Si-H vibrations [59, 68]. Also
of interest are the dual absorption peaks at 1050-1100 cm-! and 1150-1200 cm-!,
corresponding to stoichiometric (SiO2 ) and sub-stoichiometric (SiO. , x<2) silicon

oxide respectively [150, 163].

A Perkin Elmer Spectrum 100 FTIR spectrometer was used to collect transmission
spectra between 450 and 3500 cm-! at a spectral resolution of 0.4 cm-!. Tablets
were produced by mixing a very small quantity of the silicon nanopowder sample
with 20 mg of KBr powder, grinding it to a fine powder using a mortar and pestle
and then finally compressing it with a force of 7 tons into a 13 mm diameter disc of
about 0.5 mm thickness. FTIR spectra were also collected in reflection geometry,

between 550 and 3500 cm! at a spectral resolution of 0.4 cm-!, by using the
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instrument’s stainless steel plunger to compress a few milligram of powder onto the

diamond window.

5.4 Electrical characterisation

The electrical characteristics of nanopowders were determined using a system
specifically constructed for that purpose. Figure 5.4 presents a diagram (a) and

prototype (b) of the components and workings of the setup.

Figure 5.4 (a) Diagram and (b) image of the measurement setup. (A) The powder, (B)
plastic cylinder, (C) pistons, (D) micrometer and (E) load cell are shown in the

diagram.

For each sample, about 20 mg of powder (A) was loaded into a plastic cylinder (B) of
8.85 mm internal diameter and compressed between two stainless steel pistons (C)
which also serve as the electrical contacts. The applied force was set with a
calibrated HBM DA3418 load cell (E) (1 kg force = 2.55 MPa) and the change in
separation of the pistons was measured by a micrometer (D) to determine the
compression. To enhance any capacitive effect in the powder, current—voltage (I-V)
curves were measured in current sweeping mode at different degrees of
compression, using a Keithley 4200 semiconductor characterisation system, at
room temperature (23°C). A similar electrical characterisation approach has been
used by other groups on lead dioxide powders [164], carbon black [165] and metal
powders [166].
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The conductivity of the compacted powders was determined in the ohmic region,

from the measured resistance by

o=—, (5.5)

where h is the distance between the contacts, R the resistance, and A the cross
sectional area of the compressed powder. Similarly, the effective density of the

powder is given by

P="— (5.6)

where m is the mass of the powder used in the measurement.

The resistivity of compressed powder is expected to be orders of magnitude higher
than the bulk of the same material [164, 165] and depends primarily on the
packing density (compression) and geometry of the particles, which affect the
contact area between particles, to which electron flow is restricted [167], as well as

the surface properties of the particles.
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6. RESULTS

As described in chapter 4, silicon nanoparticles were produced by both HWTCP and
SP. Three sets of nanopowders were produced by each method, firstly with silane
only, secondly with a mixture of diborane and silane, and thirdly with a mixture of
phosphine and silane. Each production run resulted in a layer of powder covering
all inside surfaces of the reaction chamber. For HWTCP, depending on the
production parameters, the powder varied in colour between wine red, at
production pressures below 10 mbar, and ochre to brown at 20 mbar and higher.
Powders produced by SP at 80 mbar were ochre in colour. A similar colour range
has been reported for intrinsic silicon nanoparticles produced by plasma enhanced
chemical vapour synthesis [96]. In this chapter a more detailed characterisation of
the silicon nanopowders and the nanoparticles forming them will be determined by
investigating their agglomeration, shape, size, internal and external structure as

well as their composition, spectroscopic and electrical behaviour.

6.1 Structural characterisation

6.1.1 Agglomeration and aggregation

All powders produced by HWTCP and SP, independent of the type and
concentration of the dopant gas or pressure, exhibit two main particle
configurations: clusters of loose particles and chain-like aggregated (sintered)
particle clusters. The TEM micrographs of intrinsic nanoparticles produced by
HWTCP at 40 mbar (figure 6.1 (a)) and nanoparticles produced by SP (figure 6.1 (b))

are examples of the first category, clusters of loose particles.
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() (b)

Figure 6.1 TEM images of clusters of individual intrinsic nanoparticles produced by: (a)
HWTCP at 40 mbar and, (b) SP (the white shadows are an artefact of electron

beam/particle interaction).

The particles produced by HWTCP (figure 6.1 (a)) appear to be in contact with each
other so as to form rings of particles. Furthermore particles of equal size seem to
group together. On the other hand particles produced by SP (figure 6.1 (b)) tend to
form bunches rather than chains. It is observed that both samples contain particles
of various sizes. On the same TEM grids there were also highly agglomerated
clusters of particles as seen in figure 6.2 (a) and (b). These clusters appear to be
constituted of a number of fused particles, each of a similar size. Such aggregation
is observed for all different particle sizes, and appears in powders produced by both
HWTCP (figure 6.2 (a)) as well as SP (arrow in figure 6.2 (b)). However, based on the
TEM investigation of a large number of clusters, chosen at random on different
parts of the grid, powders produced by SP have fewer larger particles in a fused
state, than powders synthesised by HWTCP. From an investigation of a number of
clusters, chosen at random, a rough estimate suggests that fused clusters make up

between 10 and 20% of any powder.
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Figure 6.2 TEM images of fused intrinsic particles produced by: (a) HWTCP at 40 mbar
and, (b) SP.

Silicon nanoparticles produced by HWTCP at a pressure of 5 mbar, shown in the
TEM image in figure 6.3, appear to be highly agglomerated or possibly aggregated.
Such an agglomeration is generally expected for nanopowders with small particle
diameters [132]. The particles are shown at relatively low magnification where the

internal structure (lattice) may not be visible.

20nm

Figure 6.3 TEM image of intrinsic silicon nanoparticles produced by HWTCP at 5 mbar.
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6.1.2 Shape

The TEM images shown in Figure 6.4 illustrate the different shapes of the silicon
nanoparticles. The shape of the loose particles produced by HWTCP at 40 mbar (a),

are multifaceted, while those produced by SP (b) are spherical.

Figure 6.4 (a) Multifaceted nanoparticles produced by HWTCP at 40 mbar with pure

silane (main photograph), and with a mixture of silane and 1% diborane

(inset). (b) Spherical nanoparticles produced by SP.

Furthermore, the TEM micrographs of particles produced by HWTCP in figure 6.4
(a), represent different projected views of the same basic morphology (see inset) with
a shape ranging from an octahedron to a truncated octahedron [168]. Independent
of the dopant gas and its concentration during production, the powders generally
constitute a mixture of all shapes throughout the size range. In contrast, all
particles produced by SP (figure 6.4 (b)) are spherical, independent of the dopant

gas used or the size of the nanoparticles.
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6.1.3 Size

The histograms of the size distribution of nanopowders are given in figure 6.5. The

distributions

were determined by measuring the diameter of more than 500

particles per sample, from randomly chosen particle clusters.
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Histograms of particle size distributions of (a) intrinsic particles produced by
HWTCP at changing pressures; (b) particles produced by SP at 80 mbar,
intrinsic and at 0.1 % phosphine and diborane doped gas concentrations;
and, (c) particles produced by HWTCP at 40 mbar with varying phosphine
dopant gas concentrations. All histograms are fitted with log-normal

functions.

Considering the size distributions given in figure 6.5, the mean particle diameter of

all particles produced by HWTCP or SP, irrespective of dopant gas concentration or

production pressure, is below 50 nm. The size distribution of intrinsic particles

produced by

HWTCP at pressures of 5, 10, 20 and 40 mbar is represented by the

histograms in (figure 6.5 (a)). An increase in production pressure results in an

increase in the average particle size from about 11 nm up to 34 nm, accompanied

by a broadening of the size distribution. A small percentage of nanoparticles with

diameters up to 150 nm are also present in these powders. Silicon nanoparticles
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produced by SP (figure 6.5 (b)), show a slight decrease in mean particle diameter
from intrinsic particles (~28 nm) to powder produced at 0.1% phosphine (~22 nm)
and 0.1% diborane (~18 nm) dopant gas concentrations. A similar average size of
approximately 27 nm for spherical particles produced by laser pyrolysis has been

reported [169].

Figure 6.5 (c) presents the size distribution of particles produced by HWTCP at
0.01, 0.1 and 1 % phosphine dopant gas concentrations. The average size and
distribution do not appear to be significantly affected by the dopant gas
concentration. However, compared to the average size and distribution of the SP
particles produced with phosphine (~22 nm), given in figure 6.5 (b), the
nanopowders produced by HWTCP have a larger average size of approximately 30 to

38 nm and a higher fraction of larger particles.

The powders collected at locations X, Y and Z in the HWTCP reaction chamber,
where they differ in colour (chapter 4, figure 4.14(b)), were also investigated by
TEM. As shown in figure 6.6 (powders from position X and Z), the lighter coloured
powder generally constitutes a greater percentage of larger, loosely packed particles
than the darker coloured powder (figure 6.6 (Y)), which is generally made up of a

high percentage of smaller, chain-like agglomerated particles.

Figure 6.6 Comparison of TEM images of powder collected at positions X, Y and Z, as
indicated in figure 4.14(b), where X and Z are ochre coloured and Y is

reddish-brown.
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This link between colour and particle size is further supported by the colour change
observed in the intrinsic powder produced by HWTCP at different pressures
(chapter 4, figure 4.15), and the size distribution of these powders given in figure
6.5 (a). Powders produced at lower pressure, which tend to be darker in colour and

redder, are on average smaller than those produced at higher pressure.

6.1.4 Internal structure

The internal structure of individual particles was investigated by TEM, at high
magnification, and by XRD. As revealed, in the TEM images in figure 6.7, by the
lattice structure visible over the full particle, loose particles produced by both (a) SP

and (b) HWTCP are mainly monocrystalline.

(a) (b)
Figure 6.7 TEM images of monocrystalline silicon nanoparticles produced by: (a) SP with
0.1% diborane and (b) HWTCP at 40 mbar and 0.01 % diborane. Some

particles exhibit twinning (arrow in (a)).

The (111) lattice planes can be identified by their interplanar distance of 0.32 nm as
indicated in figure 6.7 (a). All particles produced at pressures larger than 20 mbar,
by HWTCP or SP, irrespective of dopant gas concentration and size, exhibit high
crystallinity. Twinning, as indicated by the arrow in figure 6.7 (a) may be found in a
small number of the loose silicon nanoparticles produced by either method.

However in the fused nanoparticles produced by HWTCP or SP, shown in figure 6.8,
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twinning, multiple grain boundaries and lattice mismatches are the dominant

structures.

10 nm 5nm
(a) (b)
Figure 6.8 (a) TEM images of fused silicon nanoparticles produced by HWTCP at 40

mbar and 1% diborane gas concentration. (b) Higher magnification image

showing multiple grain boundaries and twinning.

As evident from the high magnification TEM image in figure 6.8 (b) the twinning and
lattice mismatches are not limited to the interface region between the fused

particles but extend into the full volume of the polycrystalline nanoparticles.

5nm

Figure 6.9 TEM image of silicon nanoparticle produced by HWTCP at 5 mbar, at a 0.1%

diborane concentration. Crystallites are clearly visible.
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Compared to nanopowders produced at higher pressure, silicon nanoparticles
produced by HWCVD at 5 mbar (figure 6.9), constitute smaller aggregated particles
with a crystalline core, which appear to be fused together within an amorphous

phase. This is the same sample as shown in Figure 6.9 at a higher magnification.

The crystallinity of the bulk powders was also investigated by x-ray powder
diffraction (XRD). All powders were measured in the form of compressed tablets,
produced as described in chapter 5. The XRD patterns of silicon nanopowders
produced by HWTCP at 40 mbar with phosphine concentrations of 0.01, 0.1 and
1% are shown in figure 6.10. The diffraction peaks are labelled with their

corresponding Miller indices.
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Figure 6.10 XRD patterns of powders produced by HWTCP at 40 mbar with phosphine

concentrations of 0.01, 0.1 and 1%. The inset is an expanded view of the

(220) diffraction peak.

From the narrow, well defined peaks in the XRD patterns, which do not show any
contribution from an amorphous phase, shown in figure 6.10, the crystalline nature
of the powders is evident. The sharp peaks at 28.5°, 47° and 56° corresponds to the
(111), (220) and (311) crystal planes of crystalline silicon [170, 171]. Furthermore
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the three higher order peaks at 69° (400), 76.5° (331) and 88° (422) [3] are also
clearly visible in the patterns. As can be seen in the inset, no significant differences
in intensity or width (FWHM) of the XRD peak for powders produced at increasing

dopant gas concentrations are observed.
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Figure 6.11 XRD patterns of silicon nanopowders produced by HWTCP at 40 mbar with
(a) 1% diborane and (b) 1% phosphine as well as silicon nanopowders

produced by SP with (c) 1% phosphine and (d) 1% diborane.

Also from the XRD patterns shown in figure 6.11, no significant differences can be
observed between XRD patterns of powders produced by HWTCP and SP at
pressures of 40 and 80 mbar respectively, irrespective of the dopant gas used or the
dopant gas concentration. In contrast the XRD pattern of powder produced by
HWTCP at 5 mbar with a 0.1% phosphine concentration (figure 6.12 (a)) has
diffraction peaks which are lower in intensity, compared to powder produced under
the same conditions at 40 mbar (b), which are superimposed on an underlying
broad background. This indicates a lower crystalline fraction in the powder
produced at the lower pressure. The peak broadening of nanopowders produced at
S mbar may be attributed to their smaller average crystallite size compared to that

of particles produced at 40 mbar.
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Figure 6.12  (a) XRD pattern of nanoparticles produced by HWTCP at 5 mbar, and (b) XRD

pattern of intrinsic silicon nanoparticles produced by HWTCP at 40 mbar.

The average crystallite size of nanopowders was estimated by applying the Scherrer
formula [172], using the FWHM of a Lorenzian fit to the (111) diffraction peak. The
estimated average crystallite size of all powders, calculated using the same method,

is shown in figure 6.13.
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Figure 6.13 Estimate average crystallite size of all silicon nanopowders as determined by
the application of the Scherrer equation on the 28.5° XRD line. (Error bars

taken as 5% of calculated value).

As evident from this figure, silicon nanopowder produced by HWTCP at 40 mbar
(HW(P) and HW(B)), has the largest crystallites in the 40 to 50 nm size range,
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followed by nanopowders produced by SP (SP(P) and SP(B)) for which the crystallite
size falls in the 30 to 40 nm range. In contrast, powders produced by HWTCP at a

pressure of 5 mbar have the smallest crystallites, between 5 and 15 nm.

6.1.5 Surface structure

Using TEM at high magnification, a thin outer layer of a general amorphous nature
can be seen on some of the silicon nanoparticles, but there are also regions where
the silicon lattice planes can be seen to extend to the surface. The thickness of the

thin outer layer varies, depending upon the process and production conditions.

2nm 2nm

() (b)

Figure 6.14  Surface structure of nanoparticles produced by SP with (a) 0.01% phosphine,
and (b) 0.1% diborane.

In figure 6.14 (a), the amorphous layer on a particle produced by SP with 0.01%
phosphine is visible. Its thickness is comparable to the distance between
approximately 3 of the (111) crystal planes, as shown by the highlighted square. In
the particle shown in figure 6.14 (b), which was produced by SP with 0.1%
diborane, the crystal structure extends fully, up to the outer atomic layer of the
particle. It thus appears as though the structural disorder is limited to the outer

atomic layers of the particle, and that there is no additional amorphous shell.
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The images presented in figure 6.14 and figure 6.15, serve as an example of the
surface structure of samples of silicon nanoparticles investigated by TEM. As will be
shown in section 6.2.2, a better measure of the average thickness of the amorphous
layer covering some silicon nanoparticles and its composition, will be concluded by

XPS measurements.

In the second example, TEM images of particles produced by HWTCP at 40 mbar
with 1% phosphine (figure 6.15 (a)) and 1% diborane (figure 6.15 (b)) are shown.

2nm 2nm

() (b)

Figure 6.15  Surface structure of nanoparticles produced by HWTCP at 40 mbar, with (a) 1
% phosphine, and (b) 1% diborane.

In the TEM micrograph shown in figure 6.15 (a), of a particle produced by HWTCP
at 40 mbar, with 1% phosphine, an amorphous outer layer is clearly visible. The
amorphous layer thickness is comparable to the distance between about 5 of the
(111) crystal planes. In contrast, the crystal structure in the particle produced by
HWTCP with 1% diborane, shown in figure 6.15 (b), extends to the outer last atomic
layers of the particle. In nanopowders produced by HWTCP at 5 mbar, the surface
region of a single particle is difficult to define, because the particles are surrounded

by an amorphous tissue, indicated by the arrow (a) in figure 6.16.
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Figure 6.16  Silicon nanoparticles produced by HWTCP at 5 mbar and 0.1% diborane

concentration.

However what appears to be another amorphous region, shown by the arrow (b),
may be attributed to particles that are not in diffraction condition and hence show

no lattice planes.

6.2 Compositional characterisation

Energy dispersive x-ray spectroscopy (EDX) was used to determine the bulk
composition of the silicon nanopowders. For a detailed analysis of the composition
of the surface region, which is approximately the first 2 nm of the particles, x-ray

photoelectron spectroscopy (XPS) was used.

6.2.1 Bulk composition

An example of an EDX spectrum of a silicon nanopowder produced by SP at 80
mbar with 1% phosphine dopant gas is shown in figure 6.17. The strong x-ray

peaks at 520 eV and 1735 eV indicate that the powder constitutes mainly oxygen

and silicon respectively.
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Figure 6.17 XRD spectrum of a silicon nanopowder produced by SP at 80 mbar and 1%
phosphine concentration. The peaks at 520 eV and 1735 eV originate from

oxygen and silicon respectively.

The oxygen content of each silicon nanopowder was determined by fitting peaks to
the spectrum and calibrating with an SiO; standard as described in chapter 5. The
total oxygen content of all samples produced by HWTCP and SP at pressures of 40
and 80 mbar at 0.01, 0.1 and 1 % dopant gas concentrations is given in figure 6.18.
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Figure 6.18 Comparison of the oxygen ratio of the silicon nanopowders produced by
HWTCP and SP at 40 and 80 mbar respectively, at different dopant

concentrations.
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From figure 6.18 it may be concluded that, silicon nanopowders produced in the
presence of dopant gas exhibit an increase in oxygen content with an increase in
dopant gas concentration. Silicon nanopowders produced by SP and HWTCP with
phospine have a higher oxygen content than powders produced with the same
processes using diborane as the dopant. In general powders produced by HWTCP
with diborane or phosphine, contain less oxygen than those produced by SP. In
comparison, the oxygen content of powder produced by HWTCP at 5 mbar with a
0.1% diborane concentration is 48% but with 0.1% phosphine concentration
increases to 64%. This higher oxygen content in powders produced at 5 mbar,
compared to powders produced at higher pressures, is also observed in the oxygen
content of the intrinsic series shown in figure 6.19. The oxygen content of intrinsic
silicon nanopowder, as measured by EDX, increases with a decrease in the
production pressure. Furthermore, as shown in figure 6.19, Rutherford
backscattering spectrometry (RBS) measurements on the same silicon nanopowders
are consistent with the EDX measurements. The systematically lower concentration
obtained from the RBS measurements can be attributed to the fact that lighter
elements generally have a lower backscatter cross-section [141-143], which may not
be fully compensated for by the oxygen resonance reaction file in the RBS

simulation software, SIMNRA.
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Figure 6.19 Comparison of oxygen content measured by EDX (o) and RBS (o), of intrinsic

silicon nanopowders produced by HWTCP at different production pressures.
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To determine if dopant atoms have been incorporated in the particles, EDX spectra
of the powders produced with phosphine and diborane were collected at 15 kV and
2 kV respectively. In figure 6.20 the spectra of powder produced by SP with 0.01%

to 0.1% and 1% phosphine concentrations is shown.
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Figure 6.20 EDX spectra of particles produced by SP at 80 mbar showing an increase of
phosphorus in the powder for an increase in phosphine concentration (from

0.01% to 0.1% and 1%) during production.

As shown in the inset of figure 6.20 the phosphorus peak is clearly visible at an
energy of about 2020 eV. Furthermore, as shown by the main graph, an increase in
phosphine concentration during the production, results in an increase in the peak
intensity, indicating an increase in phosphorus atoms in the powder. In figure 6.21
the phosphorus atom concentrations of all powders produced with phosphine
dopant gas are given as a percentage of the silicon peak measured by EDX. As can
be seen, an increase in phosphine dopant gas concentration during production,
results in an increase in the number of phosphorus atoms in the powder

irrespective of whether the particles are produced by HWTCP at 40 mbar or by SP.

For both EDX instruments the boron Ko line at 182 eV was below the detection

limit of the instruments, and thus could not be measured.
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Figure 6.21 Concentration of phosphorus atoms as measured by EDX, on powders
produced by (a) HWTCP at 40 mbar and (b) by SP, with increasing phosphine

dopant concentrations.

6.2.2 Surface composition

The composition of the near surface region of the silicon nanoparticles was
investigated using XPS, as described in chapter 5. The areas of interest in the XPS
spectrum are the silicon 2p peaks at around 100 eV, the phosporus 2p peaks at
130 eV and the boron 1s peak at 188 eV. Silicon loss peaks (Qsi), expected at 117,
134, 167 and 184 eV were taken into consideration in the fitting of the peaks of

interest.

As shown in figure 6.22, after subtraction of the background, a best least squares
fit of the Si 2p peak was achieved by fitting all five peaks corresponding to the
different oxidisation states of silicon [173] as shown in the spectrum at about: 99.0
eV (Si), 100.0 eV (Sil*), 100.65 eV (Si2*), 101.5 eV (Si3*) and 103.0 eV (Si**). The Si+*

peak represents stoichiometric silicon oxide (SiOa).
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Figure 6.22  Photoemission energy spectrum of the Si 2p peak, of powder produced by SP
with 0.1% phosphine concentration. The best least squares fit was achieved,
with 5 Gaussian peaks at about: 99.0 eV (Si), 100.0 eV (Sil*), 100.65 eV (Si2*),
101.5 eV (Si3*), 103.0 eV (Si*).

From the XPS spectrum in figure 6.22 it is apparent that the top 2 — 3 nm of
particles contains fully oxidised silicon, confirming that the amorphous layer on the

silicon nanoparticles observed by TEM constitutes SiO».

In figure 6.23 (a) and (b) the integrated intensities of the three sub-oxides and the
silicon oxide XPS peaks of silicon nanopowder produced by SP are given. As
apparent from figure 6.23 (a), oxides increase slightly with increasing diborane
concentrations in powders produced with diborane. However, in powders produced
with phosphine (figure 6.23 (b)), the ratio of Si** to the other silicon sub-oxides
increases markedly at higher phosphine concentrations. The same trend is
observed for silicon nanoparticles produced by HWTCP at 40 mbar with phosphine

and diborane.
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Figure 6.23 A comparative plot of the intensities of the three sub-oxide and fully oxidised
silicon photoemission peaks from silicon nanopowders produced by SP with:

(a) diborane and (b) phosphine.

To estimate the shell thickness on the silicon nanoparticles, attributable to SiOa,
the ratio of Si to SiO2 (Si**), as determined by fitting the 5 Gauss functions to the
silicon 2p peaks was used [174]. For powder, if the average separation between
particles (or clusters) is at least equal to their radius R, all possible take-off angles
are sampled. The effective photoelectron escape depth A is then given by the

geometrical average over all possible angles to the particle surface.

Figure 6.24  Graphic presentations of the take-off angles of excited electrons in XPS of a

powder.

The ring element shown in figure 6.24 has a surface area

dA=27RsinéRd6, 6.1)

where 0 is the complementary angle to the take-off angle.
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From elementary geometrical considerations the weighted average A of the escape
depth A is [174]

2 Tl 2 7'[/2

:ij cos927R sin g = T /\jzsnecosedez— _[/\stédH A (6.2)
Al 27R? 2

For Si 2p photoelectrons the perpendicular escape depth in silicon is 2.11 nm, but
there are no good estimates for the escape depth through the oxide layer [175]. In
[175] it is assumed that the maximum escape depth is equal to the inelastic mean
free path of 3.80 nm. Using these values, an approximate depth of 1.9 nm in SiO,
and 1.055 nm in silicon is probed by the XPS measurement [174]. The values above
were used to calculate the average thickness of the SiO, layer on particles, using
the equation:

_ PSOZ xRy

(R, +1) (6-3)

where VY is the thickness of the SiO; layer, Psioz2 is the photoelectron escape depth in

SiO, and Rx is the ratio of the integrated intensities of the SiO, and silicon
photoemission peaks. The maximum SiO; layer thickness measurable is of the
order of 2 nm. Using the data from the Si 2p peaks of the XPS spectra and the
equation above, the thickness of the SiO; shell of all silicon nanoparticles was

estimated and is presented in figure 6.25.
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Figure 6.25 The estimated SiO, layer thickness of all particles at different dopant gas

concentrations.
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From figure 6.25 the tendency is clear. Irrespective of the pyrolysis process, the
thickness of the SiO. shell for all nanoparticles produced in the presence of
phosphine or diborane increases with an increase in dopant gas concentration.
Furthermore, particles produced with phosphine have a thicker oxide layer than
those produced with diborane. The SiO. shell thickness of nanoparticles produced
by HWTCP at 5 mbar was also calculated. It is 0.82 nm for nanoparticles produced
with 1% diborane and 1.1 nm for nanoparticles produced with 1% Phosphine.
Additionally, the ratio of the Sil* to the Si peak in the photoelectron spectrum
points to a high percentage of Sil* bonds, between 62% and 85 %, in nanoparticles
produced by HWTCP at 5 mbar with 1% phosphine and 1% diborane concentrations
respectively. In contrast, nanoparticles produced by HWTCP and SP at 40 and 80
mbar respectively, have a Sil*/Si ratio between 8% and 15%, irrespective of dopant

gas or concentration.

The region of the XPS spectrum around the boron 1s photoemission peak was
investigated to determine boron concentrations in the surface region of particles
produced with diborane. A detailed scan was executed on particles produced by

HWTCP and SP with 0.01, 0.1 and 1 % diborane concentrations.
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Figure 6.26 (a) Photoemission energy spectrum of the boron 1s peak of powder produced
by HWTCP at 40 mbar, with 0.1% diborane. (b) Comparison of boron
concentrations in all silicon nanopowders produced with diborane, as a ratio

of SiO».
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In figure 6.26 (a) the results of XPS of the boron 1s peak, of powder produced by
HWTCP at 40 mbar, with 0.1% diborane is shown. The best fit was achieved by a
superposition of two Gaussian peaks corresponding to the boron 1s peak at about
188 eV [176] and the overlapping silicon loss peak at about 184 eV. As indicated in
figure 6.26 (b), if the intensity of the boron peak is expressed as a ratio to that of
the silicon oxide peak, this decreases with an increase in diborane dopant
concentration, for particles produced by HWTCP at 40 mbar and SP. For particles
produced by HWTCP at 5 mbar with a 1% diborane concentration the ratio is 0.16,
which is near to that of particles produced at 40 and 80 mbar with the highest

diborane concentration.

The photoemission energy spectrum of the phosphorus 2p peak, of powder

produced by HWTCP at 40 mbar, with 0.1% phosphine is shown in figure 6.27.
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Figure 6.27 (a) Photoemission energy spectrum of the P 2p peak of powder produced by
HWTCP at 40 mbar, with 0.1% phosphine. (b) Comparison of phosphorus
concentrations in all silicon nanopowders produced with phosphine, as a

ratio of SiOs.

To analyse this region of the XPS spectrum, shown in figure 6.27 (a), the best least
squares fit was achieved with 3 Gaussian peaks, corresponding to the Si loss peak
at 134 eV, the P-O peak at 135 eV [177-179] and the combined P 2p peaks, at 131
eV [179-182]. Based on this peak fit method, the ratio of the intensities of the P-O
bond to the SiO, was measured and calculated for all powders produced by HWTCP

and SP at pressures of 40 and 80 mbar. A comparison of the ratios is presented in
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figure 6.27 (b). From this figure it is evident that the number of phosphorus atoms
in the outer 2-3 nm of the silicon nanoparticles increases with increasing
phosphine concentration during production. Furthermore, no significant difference
in the ratios is discernible between HWTCP and SP. The P-O/SiO; ratio for particles
produced by HWTCP at 5 mbar with a 1% phosphine concentration was 0.1, which
is near to that of particles produced at 40 and 80 mbar with the lowest dopant

concentration.

6.3 Spectroscopic characterisation

6.3.1 Raman spectroscopy

The Raman spectra presented in figure 6.28 are of powders produced by HWTCP at
40 mbar and 0.01, 0.1 and 1 % phosphine concentrations. The single sharp peak of
high intensity, centred at around 516 cm-! originates from the transverse optical
(TO2) vibrational mode of tetrahedral bonded silicon in the crystalline phase [183].
This peak may also contain contributions from tetrahedral S-O bonds in SiO», as

found in coesite [184] produced at high temperature.
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Figure 6.28 Raman spectra of silicon nanoparticles produced by HWTCP at 40 mbar at a
phosphine concentration of (a) 0.01%, (b) 0.1% and (c) 1%.
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However, as care was taken not to oxidise (burn) or anneal the powder during
Raman measurements, the peak at 516 cm! in the spectra shown in figure 6.28 is

attributed to crystalline silicon.

As a reference the Raman spectrum of a silicon wafer was collected. It has a sharp,
narrow peak at 520 cm-!l. In comparison the TO2 peak of the Raman spectra of the
silicon nanoparticles shown in figure 6.28 is broader and slightly red shifted (516
cm-!), both of which can be attributed to particle size effects [7, 58, 185, 186].
Smaller peaks are also visible at about 300 and 960 cm-!. The higher background in
the Raman spectrum of nanopowder produced at 1%, observed in figure 6.28 is
ascribed to the photoluminescent effect in that powder which has been linked to an
oxide layer on silicon nanoparticles [79, 187]. The reduction in peak intensity as
shown in the inset of figure 6.28 may be ascribed to an increased absorption of that
powder due to differences in packing densities, particles size and agglomeration
[188]. There is no significant difference between the FWHM of the TO2 peak of the

Raman spectra of the powders shown in figure 6.28.

The Raman spectra of intrinsic powders, produced with an increase in production

pressure, are shown in figure 6.29 (a).
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Figure 6.29 (a) Raman spectra of intrinsic nanoparticles produced by HWTCP at different

pressures and (b) Raman spectra of silicon nanopowder produced by HWTCP

at 5 mbar with a 0.1% phosphine concentration.
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Staring with the Raman spectrum of the nanoparticles produced at a 5 mbar, the
broad peak centred around 460 cm-! is dominant. It constitutes two peaks, one at
about 430 cm!, assigned to SiO, [184], and at about 480 cm-!, generally assigned
to amorphous silicon. The smaller peak on its shoulder, at around 510 cm-!
corresponding to the TO2 vibrational mode is assigned to the onset of crystallinity
in the silicon, as per [183, 188, 189]. Continuing with figure 6.29 (a), as the
synthesis pressure increases to 10 mbar the peak at 516 cm-! starts to dominate
while the peaks at 430 and 480 cm-! are less pronounced. However at 20 mbar the
516 cm! peak dominates completely, with only a broad, low intensity peak

remaining at 480 cm-!, indicating a high degree of crystallinity in this sample.

The Raman spectrum shown in figure 6.29 (b) was collected from a powder
produced by HWTCP at 5 mbar and 0.1% phosphine concentration. The model that
produced the best least squares fit, incorporated 8 Gaussian peaks at 143, 328,
435, 480, 515, 620, 843 and 948cm-!. These peaks correspond to the transverse
acoustic (TA), longitudinal acoustic (LA), longitudinal optical (LO), first transverse
optical (TO1), second transverse optical (TO2) as well as second order LA, LO and

TO vibration modes of silicon respectively [189].

6.3.2 FTIR

FTIR was used to gain a general understanding of specific chemical bonds,
including Si-O, Si-H and O-H, in the surface region of the silicon nanoparticles. The
position of these and other peaks are illustrated in the spectra of silicon
nanopowders produced by HWTCP at 5 mbar with 0.1% phosphine and 0.1%

diborane concentrations respectively, as shown in figure 6.30.

The most prominent feature in these spectra is the strong absorption band between
1000 and 1200 cm-!. As can be seen in both graphs, in figure 6.30, this region of
the spectrum consist of two peaks, the first at about 1070 cm-! and the second at
about 1200 cm-!. Both peaks fall in the region of the transverse-optical (TO) and
longitudinal-optical (TO) stretching modes of the Si-O-Si bonds respectively [190],
and have been attributed to surface oxides in porous silicon and silicon

nanoparticles [83, 88, 191, 192].
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Figure 6.30 FTIR spectra of powder produced by HWTCP at 5 mbar with a 0.1%

concentration of (a) phosphine and (b) diborane.

Furthermore the 1070 cm-! peak is often attributed to Si-O stretching vibrations of
sub-stoichiometric oxide (SiOx (x<2)) and the 1200 cm! peak is attributed to
stoichiometric Si-O vibrations (SiO,) [150, 193, 194]. The ratio of the peaks may
give an indication of the respective concentrations of these phases in the top ~1 nm
of the silicon oxide layer, as has been shown experimentally [190] and supported by
modelling [195]. It was shown that for a SiO, (x<2) layer thicker than 0.5 nm the
lower frequency peak (1070 cm-!) dominates, while for even thinner layers of SiO»

the peak intensity is similar [190].

Another feature in the spectra in figure 6.30 is the ratio of the peaks at 2250 cm-!
and 2100 cm!. The peak at 2250 cm! is assigned to H-Si-(0,0,0), an indication of
hydrogen trapped in micro-voids [192], and so may be expected in the small and
highly agglomerated particles. The absorption at 2250 cm! is also an indicator of
increased oxygen bonds, as they correspond to Si-O-Si wag modes and surface SiO3
vibrations [83, 96, 132]. The peak at 2100 cm-! assigned to H-Si-(Si,Si,Si) is a sign
of surface passivation by hydrogen atoms [196]. A further indication of the
incorporation of hydrogen in the structure may be found in peaks at 800 cm-! to
890 cm! corresponding to the Si-H> bending modes [132]. As the oxidation of the
silicon nanoparticles dominates their electrical conductivity, the hydrogen vibration

modes where not investigated in further detail.
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In figure 6.31 the FTIR spectra of intrinsic silicon nanopowders, produced by
HWTCP at different pressures is shown. A significant difference between the spectra
is the change in the ratio of the two peaks at 1070 cm! and 1200 cm-!. Starting
from a dominant 1070 cm-! peak from powders produced at 5 mbar, the increase in

intensity of the 1200 cm-! peak with increasing production pressure is apparent.
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Figure 6.31 FTIR spectra of intrinsic silicon nanoparticles produced by HWTCP at

pressures between 5 and 40 mbar.

In figure 6.32 the FTIR spectra of silicon nanopowders produced by (a) HWTCP at
40 mbar and different phosphine concentrations and by (b) SP at 80 mbar and

different diborane concentrations are presented.
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Figure 6.32 FTIR spectra of silicon nanopowder produced by (a) HWTCP at 40 mbar and
different phosphine concentrations, and (b) silicon nanopowder produced by

SP at 80 mbar and different diborane concentrations.
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For silicon nanoparticles produced with either phosphine (figure 6.32 (a)) or
diborane (figure 6.32 (b)), the 2100 cm! peak, compared to the 2250 cm! peak,
decreases with an increase in dopant concentrations, indicating a higher level of
hydrogen [79] in the powders produced at lower dopant concentrations and a higher
level of oxides in the powder produced at higher dopant concentrations. Another
feature in both spectra given in figure 6.32 (a) and (b), is the similar intensity of the
SiO, and SiOx (0<x<2) peaks at 1200 cm! and 1070 cm! for all dopant

concentrations.

6.4 Electrical characterisation

The electrical properties of powders were investigated by using the technique
described in chapter 5, which has been reported for measuring the resistivity of
conducting powders [164-166]|. A current is passed through a known volume of
powder at a known compression (density) while measuring the change in potential

as a V-I curve.
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Figure 6.33 Decrease in the resistance of silicon nanopowder upon the application of
pressure (compression), for a powder produced by HWTCP at 40 mbar and

1% diborane gas concentration.
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The effect of compression on the resistance of a silicon nanopowder produced by
HWTCP at 40 mbar is illustrated in figure 6.33. As the compression increases, the
resistance decreases, partially due to an increase in the number of, and contact
area between particles. The inset shows the V-I curve of each compression step of

2.55 MPa for the same powder.

The resistance increases slightly upon release of the pressure, indicating complete
compaction and elastic compression of the powder. For both compression and
decompression cycles the change in resistance can be described by an exponential

decay function (solid lines).

The V-I curves shown in figure 6.34 originate from compression experiments of a

powder produced by HWTCP at 40 mbar with 1% phosphine.

Potential (V)
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Current (A)
Figure 6.34  V-I curves of powder produced by HWTCP at 40 mbar, with a 1% phosphine

concentration. Non-linear behaviour is evident at lower compression (inset).

While the main curve in figure 6.34, collected at a pressure of 30 MPa approaches
ohmic behaviour shown by its approach to linearity, the inset curve collected at a
lower compression (5 MPa) exhibits a shallow s-curve which indicates a diode
behaviour, most likely caused by a Shottkey contact between the steel pistons and
the powder. In comparison, the V-I curves of compression experiments of a powder
produced by HWTCP at 40 mbar with a 1% diborane concentration (figure 6.35), do
not exhibit such a strong s-shape as in figure 6.34 at lower pressures, which is an

indication of ohmic behaviour.
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Figure 6.35 V-I curves of powder produced by HWTCP at 40 mbar, with a 1% diborane
concentration. The powder shows ohmic behaviour at high and low (inset)

compression rates.

For all silicon nanopowders, irrespective of the production process, the V-I curves
collected from the powders under high compression are considerably more linear
than those collected at low compression. Furthermore for powders produced with
phosphine the curvature is stronger than for those produced with diborane.

The non-ohmic resistance behaviour found in the V-I measurements may be
described by adopting an equivalent circuit approach [164], shown in figure 6.36. It
comprises a capacitor (C) and resistor (Rp in parallel, in series with a resistor (Rs).
The current supply terminals (Vw and Vp represent the plungers in the

measurement apparatus.

Figure 6.36  Equivalent circuit of compressed silicon nanopowder, comprising a capacitor

(O) and resistor (Rp) in parallel, in series with a resistor (Rs).
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V-I curves of all powders were collected over a wide range of compression (2.55 to
35.7 MPa), with a short current sweep dwell time of 0.1 s to enhance capacitive
effects. However for the purpose of comparing resistivities of the silicon nano-
powders, the non-ohmic region of the powder was avoided by calculating the
resistivities based on the V-I curves in the ohmic region and under a compression of
20 MPa. In figure 6.37 the resistivity of all powders produced by HWTCP at 40 mbar

and SP at 80 mbar, at different dopant concentrations, is shown.
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Figure 6.37 A comparison of the resistivity values of all powders produced by HWTCP at

40 mbar and SP with varying concentrations of phosphine and diborane.

The first feature in figure 6.37 is that powders produced by HWTCP and SP with
diborane (marked as HW (B) and SP (B)), exhibit a decrease in resistivity with an
increase in diborane concentration. In contrast, powders produced by HWTCP and
SP with phosphine (marked as HW (P) and SP (P)), show an increase in resistivity
with an increase in phosphine concentration. Furthermore all powders produced by
SP show a higher resistivity compared to powders produced by HWTCP, at the
equivalent dopant concentrations. The resistivity of the intrinsic silicon
nanoparticles produced by HWTCP and SP at 40 and 80 mbar respectively was
measured in the same way. The intrinsic HWCVD particles have a resistivity of

1.43x107 Q.m and the SP particles 1.12x107 Q.m.
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The resistivity of powders produced by HWTCP at 5 mbar with diborane and
phosphine dopants is shown in figure 6.38.
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Figure 6.38 A comparison of the resistivity values of all powders produced by HWTCP and

5 mbar, with varying concentrations of phosphine and diborane.

Compared to powders produced by HWTCP at 40 mbar and by SP, powders
produced by HWTCP at 5 mbar have a higher resistivity, for the equivalent dopant
concentrations. However, as apparent in figure 6.38, powders produced at 5 mbar
show a decrease in resistivity with an increase in dopant gas concentration of both
diborane and phosphine. The higher resistivity of silicon nanoparticles produced at
lower pressure is also illustrated in the resistance of intrinsic powders produced by

HWTCP at different synthesis pressures, as shown in figure 6.39.
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Figure 6.39 The resistance of intrinsic silicon nanopowders produced by HWTCP,

compressed to the same density.

As evidenced by the negative slope in the graph shown in figure 6.39, a decrease in

resistance is observed with an increase in synthesis pressure.
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7. DISCUSSION

For the first time, silicon nanoparticles doped with electrically active boron and
phosphor, have been produced by hot wire thermal catalytic pyrolysis (HWTCP) and
spark pyrolysis (SP). The successful doping is evident from the decrease in
resistivity (figure 6.37) of all silicon nanoparticles produced by HWTCP (HW(B)) and
SP (SP(B)) at 40 and 80 mbar, with increasing diborane concentrations, as well as
in powders produced by HWTCP with diborane and phosphine at Smbar (figure
6.38). Such decrease in resistivity is expected in silicon, with an increase in dopant
atom concentrations [97, 99, 197]. The successful doping makes these silicon

nanoparticles suitable for their intended electronic application.

As evident in figure 6.37 the resistivity of silicon nanoparticles produced by HWTCP
(HW(P)) and SP (SP(P)) with phosphine, at 40 and 80 mbar, increases with an
increase in phosphine concentration. As determined by EDX, this increase in
resistivity cannot be ascribed to the lack of phosphine. As shown in figure 6.21, an
increase in phosphorus concentration is detected for silicon nanoparticles produced
with increasing phosphine concentrations. However, as observed in the oxygen
content determined by EDX (figure 6.18), powders produced with phosphine
generally have higher oxygen content than those produced with diborane.
Furthermore, from TEM images and XPS, it was established that the oxygen resides
in an amorphous shell around the particles. The assumption is thus made that the
lower conductivity of silicon nanoparticles produced with increasing phosphine
concentration is related to the presence of an oxide layer, which is thicker in

particles produced with phosphine than for those produced with diborane.

Using the method described in chapter 6, the thickness of the SiO; layer on the
silicon nanoparticles was estimated by XPS. As can be seen in figure 7.1 the
thickness of the oxide layer increases with an increase in dopant gas concentration.
A similar increase of the total oxygen content in the powders, with increased dopant
gas concentrations, has been measured by EDX (figure 6.18). Of the stable sub-

oxides (figure 6.22), the Sil* state, corresponding to an oxygen atom bridging two

83



surface silicon atoms, dominates. The most stable of the silicon oxygen
configurations is however the Si2* state, corresponding to a back-bonded oxygen
configuration. There is also a broad shallow peak due to the Si3* sub-oxide. Taken
together, these are an indication that in the silicon nanoparticles, meta-stable

silicon sub-oxides are reduced and prevent the formation of higher oxides.
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Figure 7.1 The estimated SiO, layer thickness of all silicon nanoparticles at the different

dopant gas concentrations.

Furthermore, as observed in figure 7.1, the estimated SiO. layer thickness on
silicon nanoparticles produced with phosphine is twice that of particles produced
with diborane at equivalent concentrations. Indeed, as seen from the TEM images,
at an estimated thickness of only 2 to 3 Angstroms it may not be appropriate to
consider this as a layer of stoichiometric oxide for the boron doped nanoparticles.
Based on the state of the vacuum during production, as highlighted in chapter 4,
care was taken to minimise the oxygen present in the camber, and thus the oxygen
is attributed to native oxides which form when the silicon nanoparticles are exposed
to air. The same has been suggested for silicon nanoparticles with varying oxide

thickness between 0.5 and 5 nm [7, 9, 10, 22, 23].
A comparison of the integrated intensities of the boron 1s and phosphorus 2p peaks

of the silicon nanoparticles is given in figure 7.2 (a) and (b) respectively. The

particles were produced by HWTCP at 40 mbar and SP.
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Figure 7.2 (a) Comparison of boron concentrations in all silicon nanopowders produced

with diborane, as a ratio of SiO;. (b) Comparison of phosphorus
concentrations in all silicon nanopowders produced with phosphine, as a

ratio of SiOa,.

The decrease in boron concentration (figure 7.2 (a)) with an increase in diborane
concentration corresponds to an increase in surface oxide (figure 7.1). This is a
clear indication that the boron atoms are not primarily located at the surface. In
contrast, in figure 7.2 (b), an increase in phosphorus is observed with an increase
in phosphine concentration and again corresponds to an increase in oxide layer
thickness. The phosphorus atoms are thus primarily trapped in the oxide or at the
oxide/silicon interface [12]. Here they are electrically inactive, and so do not

contribute to the charge transport.

A further observation from the XPS spectra in figure 6.23 (a), is that oxides increase
slightly with increasing diborane concentrations in powders produced with
diborane. However, in powder produced with phosphine (figure 6.23 (b)), the ratio of
SiO2 to the silicon sub-oxides increases drastically at higher phosphine
concentrations. This suggests that in silicon nanoparticles produced with
phosphine, meta-stable sub-oxides become fully oxidised at higher phosphine

concentrations.
The Cabrera-Mott mechanism [198] offers a way of interpreting the thicker oxide

layer observed on particles produced with phosphine. A virgin silicon surface on a

silicon nanoparticle will rapidly form a thin native oxide layer when exposed to air.
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Electrons may now tunnel through the thin oxide layer to the surface. Some oxygen
atoms adsorbed on the surface will be ionized and acquire a negative charge, to
form an electric potential Vo across the oxide layer. Assisted by VoL, oxygen ions
diffuse through the silicon oxide layer to oxidise the silicon underneath [12]. From
the model it can be deducted that in the case of phosphorous doped silicon
nanoparticles there is a higher concentration of free electrons, induced by the
phosphorus. This results in an increase in Vo, which boosts the transport of the
oxygen ions through the silicon oxide layer, resulting in a more efficient oxidation.
In boron doping, the low electron concentration reduces Vo, and thus boron doped

nanoparticles are less oxidised [12].

Another observation from figure 6.37 (a) is the higher resistivity of all silicon
nanopowders produced by SP compared to those produced by HWTCP at the same
dopant gas concentrations. From the TEM investigation it is apparent that all
particles produced by HWTCP at 40 mbar are faceted while those produced by SP
are spherical. It is probable that this difference in shape accounts for differences in

resistivity between particles produced by HWTCP and SP.

In a compacted nanopowder, charge carriers have to follow a path, from one
electrode, to the other, through the particles and through inter-particle boundaries.
The electrical conductivity of the compressed powder will be directly proportional to
the filled cross-sectional area [199] or the packing density (porosity) of the powder,
which is directly proportional to the sum of the contact areas of the particles in that
cross section. It is also affected by the size and shape of the particles in the powder
[200].

To determine whether the shape of the silicon nanoparticles may account for the
differences in resistivity between spherical and faceted shapes, a simple first order
approach is to estimate the contact area between two particles of the same type,
assuming equal volume. To first order the contact area between two incompressible
spheres is essentially zero. For real particles the compression, however small, needs
to be taken into consideration. For two spherical silicon nanoparticles, pressed
together, the area of contact will depend on the pressure. For the calculations, only
the lateral conduction path through particles will be taken into account. From

experiments conducted on the compression of individual spherical silicon
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nanoparticles [201], a force of 2 pN (440 MPa) is required to compress a 38 nm

diameter sphere by 1 nm.

For the resistivity measurements presented in figure 6.33 the maximum pressure
used to compress the silicon nanoparticles produced here, was 40 MPa. This is ten
times less than in the single particle experiments reported in [201]. Assuming
elastic deformation in the silicon nanoparticles [202], the compression distance § on

38 nm diameter particles under 40 MPa compression will thus be 0.1 nm.

$ 812

(b)

Figure 7.3 (a) Diagram of contact area between spherical particles. (b) Stacked truncated

octahedron with the edge length a.
As shown in figure 7.3 (a) the radius r of the contact area between the two

compressed spherical silicon nanoparticles of radius R, can now be calculated by

[201]:

r=,/0R-—. (7.1)

The radius of the contact area between two spherical silicon nanoparticles of 38 nm

diameter, under 40 MPa compression, is thus 2 nm and the contact area is 12 nm?2.

To determine the contact area of two truncated octahedra, the same volume as the

spherical silicon nanoparticles discussed above, is assumed. The diameter of this

truncated octahedron, D = a\/ﬁ , will be 43 nm and the edge length a, indicated in
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figure 7.3(b) is 13.6 nm. The surface areas of the square and hexagonal faces of this
octahedron are thus 185 nm?2 and 480 nm? respectively. These are more than ten
times larger than that of the spherical particles. The higher resistivity of silicon
nanoparticles produced by SP compared to those produced by HWTCP can therefore
be attributed to the difference in the shape of the silicon nanoparticles produced by

each process.

To explain the difference in shape between silicon nanoparticles produced by
HWTCP and SP, the difference in the processes has to be investigated. In figure 7.4
it is graphically shown how in both production processes, particles start to form in
the supersaturated vapour, by homogeneous nucleation, to form liquid silicon
droplets [7, 203]. The droplets are expected to be spherical, to maintain minimum
surface energy. As the pressure in both processes is high, sufficient precursor
species collide with the nucleating particle, resulting in accelerated growth. The
difference in the shape of particles produced by SP and HWTCP originates from the

difference in the rate of cooling, between the processes.
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Figure 7.4 Silicon nanoparticle growth process for spherical and faceted particles. In

continuous crystallisation twins may start with a twin nucleation site and

propagate vertically along the crystallisation front.
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The high temperature spark, which lasts for approximately 100 ns, creates the
conditions for rapid pyrolysis and rapid cooling. Crystallisation of the spherical
droplets start from a crystal nucleation site on its edge and propagates through the
crystal as a crystallisation front [203] at the solid/liquid interface. The process
results in spherical single crystal silicon nanoparticles. Similar results have been
reported for laser pyrolysis [7, 204] and plasma synthesis with accelerated cooling
[203, 205]. However, as observed in the TEM images of particles produced by SP,
shown in the TEM image in figure 7.5, the continuous rapid crystallisation process

may result in twinning, as marked by the arrows.

Figure 7.5 An example of twinning is visible in the TEM images of intrinsic silicon

nanoparticles produced by SP at 80 mbar.

Two mechanisms may be responsible for twinning. Firstly, twinning may originate
along the crystallisation front as shown in figure 7.4 (a), where it arises from tensile
stresses. These stresses are caused by volume contractions during crystallisation
[206], which are relieved by partial dislocations passing through the lattice, creating
stacking faults [95]. Secondly a twin may originate at the nuclear crystallisation
site, to propagate along the crystallisation front, to form the twin perpendicular to it
(figure 7.4 (b)). For fcc crystals, such as silicon nanoparticles, twinning is expected

along the {111} planes [203, 207].

Continuing with figure 7.4, in contrast to spark pyrolysis, which is a short, cyclic
process, the HWTCP process has a continuous heat source, resulting in continuous

pyrolysis and a moderate temperature gradient around the filament. The low
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number of particles with twinning, in silicon nanoparticles produced by HWTCP at
40 mbar, as observed by TEM, indicates that the HWTCP process allows lattice
mismatches to be self-corrected by rearranging atoms in the growth process. The
liquid silicon droplets gradually cool as they move away from the filament. There is
sufficient time and energy for atoms to find energy favourable growth sites. The
crystal planes of the nanocrystals therefore start to grow laterally [22] to form
faceted particles [13], as shown in figure 7.4 (c). Furthermore, species in the vapour
have enough energy to find an energy favourable sight and contribute to continued
particle growth. Given ideal conditions an individual particle takes the shape with
the lowest total surface energy, a truncated octahedron [168, 208-211] (See
appendix B). However, the temperature gradient around the filament creates
differences in cooling gradients, which is responsible for the different states of

faceted shapes in particles produced by HWTCP as shown in figure 6.4 (a).

The shape of the silicon nanoparticles produced by HWTCP and SP is therefore
directly linked to the cooling rate and the synthesis temperature. At a high
synthesis temperature and rapid cooling such as in SP, crystalline spherical
particles are formed. However at moderate synthesis temperatures and cooling

rates, faceted particles are formed.

The particle size histograms shown in figure 6.5 indicate that the average diameter
of 22 nm of silicon nanoparticles produced by SP is smaller than that of particles
produced by HWTCP, which is approximately 34 nm. This trend is supported by the
crystallite size calculations, using the Scherrer method on XRD patterns (figure
6.13). The crystallite sizes of nanoparticles produced by HWTCP at 40 mbar are
generally 20-40% larger than those produced by SP at 80 mbar, for the same
dopant gas and concentration. The difference in size is attributed to the residence
time of the growing particle in the high temperature growth zone. In SP a small
volume of vapour is heated for a short period. There is insufficient time for particles
to grow. In HWTCP there is a large heat zone, and particles have a long residence
time to grow in size. Furthermore, compared to SP, a higher percentage of particles,

produced by HWTCP (figure 6.5 (c)) are larger than twice the average size.

Particles produced at a low pressure are smallest and, as observed by TEM (figure

6.3) surrounded by a thicker amorphous shell. This is supported by the broad
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peaks at 430 and 480 cm! in the Raman spectrum (figure 6.28) as well as the well
expressed 1070 cm ! FTIR peak which corresponds to Si-O vibrations in amorphous
SiOx (x<2). As the production pressure is increased the particle diameter increases.
This increase can be explained by a pressure induced increase in collisions between
species and the nucleation particle in the reactor, leading to higher growth rates.
Furthermore, as the size increases, the particles become more crystalline (figure
6.12) and thus oxidise less, resulting in a thinner oxide layer and a decrease in
resistance in these powders. The decrease in the oxide layer thickness is further
supported by the increase in the intensity of the 1200 cm! FTIR peak relative to the
1070 cm! peak, as shown in figure 6.31. In all FTIR spectra of powders produced
by HWTCP and SP at all dopant concentrations (figure 6.32), these two FTIR peaks
feature prominently, indicating that the silicon oxide layer is less than 0.5 nm thick

[190].

Finally, the particle size has an additional effect on the measured conductivity. The
total contact area of the nanoparticles in a cross section will be equal for all sizes of
particles. However, the number of inter-particle interfaces will increase inversely
proportionally to the decrease in diameter. Given that the oxide layers are equally
thick (figure 6.25), the 20% smaller particles produced by SP will have 25% more
interfaces than particles produced by HWTCP for the same volume and compaction
of particles. Thus some of the higher resistivity in silicon nanoparticles produced by

SP may be attributed to their smaller average size.
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8. CONCLUSION

The goal of producing doped silicon nanoparticles with clean surfaces, and which
are suitable for electronic applications, has been achieved. For the first time, silicon
nanoparticles doped with electrically active boron and phosphorus, have been
produced by the known bottom-up process of hot wire thermal catalytic pyrolysis
(HWTCP) and by the newly introduced spark pyrolysis (SP) process. The latter was
developed as part of this thesis.

Both processes predominantly produce monocrystalline silicon nanoparticles, which
are spherical in SP and faceted in HWTCP, and have an average diameter of 22 nm
and 34 nm respectively. HWTCP at low pressures produces highly aggregated
nanoparticles with a diameter of approximately 10 nm, which are surrounded by an

amorphous network.

The shape of the nanoparticles is governed by the synthesis temperature and
cooling rate of the processes. In SP, the short-lived, high temperature and cyclic
spark process creates the conditions for rapid pyrolysis and rapid cooling.
Continuous crystallisation of the spherical liquid nucleation particle results in
spherical single crystal silicon nanoparticles with possible twinning resulting from
defects along the crystallisation front. However in the HWTCP process, the
continuous heat source results in uninterrupted pyrolysis and a moderate cooling
rate. The crystal planes of the nucleating particle can grow laterally in such a way
that surface energy is reduced, thus taking on a faceted shape, of which the
truncated octahedron has the lowest surface energy. Furthermore due to the longer
synthesis time, particle diameters are on average larger than those of particles
produced by SP. The difference in shape of particles produced by HWTCP and SP
has an effect on the resistivity of compacted powders. Truncated octahedra have
about ten times more inter-particle contact area than spherical particles for the
same particle volume. The greater contact area accounts for the lower resistivity in
the compacted faceted particles produced by HWTCP compared to the spherical
particles produced by SP.
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The production pressure also influences the particle size. Intrinsic particles
produced by HWTCP steadily increase in diameter from an average of 10 nm when
produced at 5 mbar to a diameter of 34 nm at 40 mbar. This increase in size results
from an increase in collisions between species and the nucleating particle in the

reactor at higher pressure, leading to higher growth rates.

The successful doping is evident from the decrease in resistivity of silicon
nanoparticles produced by HWTCP at 40 mbar and SP at 80 mbar. The same does
not apply to silicon nanoparticles produced with phosphine at high gas pressures,
where the resistivity increases with increasing phosphine concentrations. This effect
is attributed to the increase of the oxide surface layer thickness from about 0.3 nm
to 0.6 nm on these particles. Furthermore, the phosphor atoms are not
incorporated in the silicon but rather in the oxide layer where they are electrically
inactive. In contrast all particles produced by HWTCP at 5 mbar with either
phosphine and diborane show successful doping behaviour. Their resistivity

decreases with an increase in dopant gas concentrations.

In conclusion, this thesis has shown that a high vacuum system operated at low
base pressures can produce electrically active silicon nanoparticles with oxygen
passivated surfaces. Both processes offer a fairly simple route to doped crystalline

silicon nanoparticle synthesis.
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Diagram of the complete HWTCP/SP

system

(Designed and constructed for this research)
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Appendix B: Link between nanoparticle shape and
surface energy

The shape of a nanoparticle is primarily determined by two factors. The first is its
crystal structure, which in silicon, is the face centred cubic (fcc) Bravais lattice and
secondly by the total surface energy of the particle [168, 209-211]. The surface
energy of the crystal planes of a nanoparticle may be determined by the atomistic
approach known as the broken bond model, where the interaction between atoms
on the surface area A of different lattice planes is considered for the calculation of

the surface energy .
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Figure 7.9 Schematic to explain the broken-bond model for the determination of surface

energy of a nanoparticle. The nearest atom neighbour distances a, is shown.

The surface energy of any plane is thus:

. _ (cog4| +szin|6'|)£b 7 7.3)

Surface — 2a

where a is the distance to the nearest bond and ¢ is the energy per bond.
For all planes the energy, as calculated, is lowest for the closest packed (111) plane

and furthermore y(11)<Yy(00)<ya10) [91].

Assuming favourable synthesis conditions, the broken bond model predicts

nanoparticles to assume a shape which minimises the total surface energy:

ZN:Ayi=min. (7.4)
i=1

111



However, the total surface energy of the nanoparticle is the sum of all surface areas,
N
ZAyi A HAY, FAY T (7.5)
i=1

In favourable conditions of pressure and temperature the particle will grow such
that the minimum surface energy is maintained

N
dE=0=) ydA. (7.6)

i=1

Using the nearest neighbour broken bond model [212], the surface energy of
nanoparticles may be calculated and presented graphically [168], by defining two
parameters; 1 is the degree of polyhedrality and a indicates the relative importance
of the {111} planes contribution to the surface energy of the particle, compared to
that of a sphere with the same volume. Two graphs are of interest, figure 7.10 (a)

shows the surface to volume ratio and figure 7.10 (b) the normalised surface energy
for particles with equal volume.
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Figure 7.10  Plots of (a) the surface to volume ratio (A/V2/3) as well as (b) the normalised

surface energy of particle shapes between a sphere and a cube, for the same
volume. (from [168])

112



As shown in Figure 7.10 (a) by the dimensionless value of the normalised surface
area A/V2/3, for a constant volume V, the sphere has the best volume to surface
ratio. However, as observed in figure 7.10 (b) by the dimensionless value of the
normalised surface energy Nr, the shape with the lowest surface energy is not the
sphere, but the truncated octahedron.

Thus , when a nanocrystal forms in materials with a fcc structure, under favourable

conditions, as shown in figure 7.11, the low index planes {100} an {110} will grow
first, resulting in polyhedral nanoparticles [168, 209-211].

4— {110}

Figure 7.11  Truncated octahedral with the {100} and {111} planes shown.

Due to the higher surface energy of the {110} planes, silicon nanoparticles with

{110} facets are relatively unstable and thus not often produced [213].
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Appendix C: Photographs of the gas handling system

Gas cylinder cabinet

Regulator and valve panel

Gas cylinder

Figure C1  One of three fire proof gas cabinets used to safely store the silane,
diborane and phosphine cylinders.

", Emergency shutoff valve

o Jj

_— Gas supply lines
Regulator and main valve

Cooling water pipe

Figure C2  Gas supply system ith relators and emergency shutoff valves.
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