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Abstract

This thesis covers fundamental aspects of process control when growing
titanium oxide nanoparticles in a reactive sputtering process. It covers the
influence of oxygen containing gas on the oxidation state of the cathode
from which the growth material is ejected, as well as its influence on the
particles oxidation state and their nucleation. It was found that a low
degree of reactive gases was necessary for nanoparticles of titanium to
nucleate. When the oxygen gas was slightly increased, the nanoparticle
yield and particle oxygen content increased. A further increase caused a
decrease in particle yield which was attributed to a slight oxidation of the
cathode. By varying the oxygen flow to the process, it was possible to
control the oxygen content of the nanoparticles without fully oxidizing
the cathode. Because oxygen containing gases such as residual water
vapour has a profound influence on nanoparticle yield and composition,
the deposition source was re-engineered to allow for cleaner and thus
more stable synthesis conditions.

The size of the nanoparticles has been controlled by two means. The first
is to change electrical potentials around the growth zone, which allows
for nanoparticle size control in the order of 25-75 nm. This size control
does not influence the oxygen content of the nanoparticles. The second
means of size control investigated was by increasing the pressure. By
doing this, the particle size can be increased from 50 — 250 nm, however
the oxygen content also increases with pressure. Different particle
morphologies were found by changing the pressure. At low pressures,
mostly spherical particles with weak facets were produced. As the
pressure increased, the particles got a cubic shape. At higher pressures
the cubic particles started to get a fractured surface. At the highest
pressure investigated, the fractured surface became poly-crystalline,
giving a cauliflower shaped morphology.
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1 Introduction

Nanoparticles are one of the fundamental building blocks in
nanotechnology which have the potential of greatly improving our life,
health and environment. The reason nanoparticles are of such big interest
compared to bulk materials is that their properties often depend on their
size. For instance, a sunscreen that is based on titanium dioxide will have
an increased protection against UV rays if the particle size is decreased
[1]. One other size-dependent property is their surface area to volume
ratio. Ten grams of 2 mm titanium dioxide particles will have an area of
71 cm?, while ten grams of 2 nm particles will have an area of 7100 m?.
That is the size of a football field. A high surface area is important for gas
sensing and catalytic reactions [2]. In addition to this, nanoparticles
exhibit properties such as plasmonic resonances, which can enhance the
efficiency of solar cells [3]. Nanoparticles are also dispersible in liquids
and biological systems, which opens up doors for new diagnostics and
treatments of cancer [4].

How well nanoparticles perform in these applications depends generally
on their size, shape, composition and the amount of particles used. It is
therefore crucial to have a nanoparticle synthesis process that allows for
precise control over these properties. There are several ways of
synthesizing nanoparticles. One easy way that anyone can do at home is
to light a candle and hold a spoon close to the flame. The black soot that
forms on the spoon will contain carbon nanoparticles [5]. One other
method to obtain nanoparticle is to take a bulk object, and crush it into
smaller pieces until it becomes nano-sized. These two methods are both
simple and cheap, but they lack the required process control of the particle
properties for them to be used in more sophisticated applications. On an
industrial scale, wet chemistry is often used to produce nanoparticles.
This is done by mixing a solution in a big batch where the nanoparticles
nucleate and grow. Due to the complicated nature of mixing large
batches, it is often challenging to control the size of the particles by this
method [6]. In addition, if semiconductor grade particles are to be
synthesized it is difficult to obtain a pure enough liquid media that do not
contaminate the particles [7]. In this thesis a plasma-based synthesis
method is used to grow nanoparticles. This process has previously shown
promising results for nanoparticle size control [8] and fast nanoparticle



growth [9]. However, it is still in its early stages of development and thus,
fundamental understanding over the growth process and what parameters
influences the nanoparticle properties is not yet fully explored. In
addition to this, previous research on this process has only been published
on copper nanoparticles. The use of a more reactive material such as
titanium in an oxygen containing environment poses new challenges to
the synthesis method. This thesis covers the influence of oxygen on
nanoparticles synthesized from a titanium plasma. It also covers the
influence of pressure, gas flow and electrical potentials on the resulting
nanoparticle size.

In order to explain the results of this work, it is important to understand
every parameter of the process that has been found to influence the
particles. These topics has been divided up in to: vacuum system,
sputtering and nanoparticle growth. Since it was found that residual gases
present in the process had a profound influence on the nucleation of the
particles and oxidation of the cathode which is the source of growth
material, the topic of vacuum systems will be discussed first. Then the
process of sputtering will be introduced and how this residual water and
other oxygen containing gases influences the sputtering process. Lastly,
this is tied together in a chapter about the nanoparticle growth which is
dependent on the state of the cathode and the degree of vacuum achieved
in the system.



2 Vacuum system

The plasma based nanoparticle synthesis process is operated inside a
vacuum system. This section covers the vacuum regimes used, different
flow regimes, what residual gases are and how it is possible to reduce
their partial pressure.

2.1 Pumps and pressure

Vacuum is a space where gas has been removed so that the pressure is
reduced compared to the atmospheric pressure. It is however not possible
to remove all gas molecules from an enclosed volume to create a perfect
vacuum. Instead different degrees of vacuum is often used to define how
low pressure that is achieved.

Table 1 Different vacuum regimes

Degree of Vacuum Pressure range (Pa)
Low 10° > P > 3.3-10°
Medium 3.3:10° > P > 10%
High 10t >P > 10"
Very high 104 >P > 107
Ultrahigh 107 >P > 10"
Extreme ultrahigh 101 >p

In Table 1, the different vacuum regimes that will be discussed in this
thesis are presented. The lower the pressure is, the higher the vacuum is
said to be. There are several factors that determine the lowest pressure
that is possible to obtain. One factor is what pumps that are used. A
positive displacement pump operate in the same way as a bicycle pump.
As you pull the pump piston, the volume inside the pump increases which
causes a pressure difference that makes air flow to fill this new volume.
Then the gas is compressed and ejected to fill a bicycle tire and a new
stroke of the piston repeats the cycle. In this analogy, the pressure in the
room will decrease as the pressure in the tire increases. If this principle
of pumping is used, no higher regimes than medium vacuum can be



obtained. The reason for this is as the amount of gas atoms in the volume
become less, they will collide with each other less frequently. Instead
collisions with the wall of the vacuum system becomes more prominent.
Since the atoms collide with the walls instead of with each other, a
positive displacement volume will not be noticed, i.e the atoms will not
push each other to fill this volume. In addition to this, there will be back
streaming of gas from the pump that will contribute to the pressure inside
the chamber. This low efficiency of positive displacement pumps at low
pressure leads to that a second pump has to be added. Today,
turbomolecular pumps are often put before the positive displacement
pumps in order to compress the gas to a regime where the positive
displacement pump can operate. With this setup it is possible to reach
ultrahigh vacuum [10].

A turbomolecular pump backed with a positive displacement pump is
used in this works experimental setup, but an ultrahigh vacuum is not
reached. The main reason for this is that the vacuum system has to be
opened on a regular basis to change the substrates. This does not give the
vacuum system enough time to pump away the residual water adsorbed
on the chamber wall. One other contributing factor is that the chamber is
sealed with rubber gaskets which gases such as oxygen, nitrogen and
water vapor have a relatively high permeation rate through. The
contribution of these gases minus the gases removed by the pump, gives
rise to the so called base pressure [10]. In the system used, a base pressure
in the order of 10-10° Pa is obtained. The dominating gas that gives rise
to this pressure is water vapor.

Water vapor is a common problem in vacuum technology and there are
several techniques that can be used to decrease its contribution to the base
pressure. One method is to heat up the vacuum chamber, commonly
referred to as baking. This increases the desorption rate of the water and
initially increases the pressure of the system. When all water has
desorbed, the pressure decreases to a lower level than before the baking
procedure. Baking is however not as efficient on systems that have to be
regularly opened and that are sealed with rubber gaskets. This is because
the required baking time increases with decreasing temperature, and
rubber gaskets are sensitive to high temperatures. One other technique to
decrease the water vapor is to deposit a reactive coating inside the
vacuum chamber. The desorbing water will land on this coating and bind



to it which removes its contribution to the pressure [10]. This reactive
coating is often titanium, which is also the material studied to make
nanoparticles of in this thesis. Since titanium is highly reactive, the
nanoparticle synthesis process will act as a pump that consumes water
and binds it in to the particles.

2.2 Flow regimes and diffusion

The nanoparticle synthesis process cannot operate at the high vacuum
regime because sputtering cannot be ignited [11] and particle nucleation
does not occur at pressures of this low value. Because of this, argon gas
is continuously flown through the system at a reduced pumping speed to
increase the pressure. The total pressure of the system is given by the sum
of the partial pressure of water, argon and other possible gases such as
nitrogen, hydrogen and carbon dioxide. There are different flow regimes
that behave differently depending on the pressure. The underlying reason
for this change in behavior is due to that the mean free path of the
molecules depends on the gas density. Equation (1) shows how the mean
free path A is calculated.

N &
~ 21/2md2n

Here do is the molecular diameter and n is the gas density in molecules
per cubic meter. The flow regime is defined by the Knudsen number Kn,
which is the ratio between the mean free path and the diameter of the pipe
d that the gas flows through.

Kn ()

Il
Ql >

When Kn > 1 the flow is said to be molecular. This means that the pipe
diameter is smaller than the mean free path and the gases collide with the
pipe wall instead of with other gas molecules. This is the regime
previously discussed, where positive displacements pumps do not work.
In the region of Kn < 0.01 the flow is said to be viscous or continuous.
This means that the collisions between gas molecules are more frequent
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than collisions with the wall and it is in this regime that the nanoparticle
synthesis process operate in [10].

Even thou there are collisions between gas molecules, the gas density is
significantly lower than at atmospheric pressures. This leads to that gas
diffusion becomes a significant factor to consider when reactive gases is
introduced to the process. The diffusion coefficient of two gases that
interdiffuse is given by equation (3)

0.019T3/2< 1 1 )1/2

D,, =
27 pgzn

m; | m, )
Where T is temperature in Kelvin, m; and mz is the two different gas
molecules mass, P is the pressure, g, is the collision diameter and Q is a
dimensionless quantity [12]. For a pressure of 110 Pa and a temperature
of 300 K, the diffusion coefficient of oxygen in argon becomes 0.018
m?/s, which is low enough that the inert gas flow of argon could be used
to prevent oxidation of the cathode.

In summary, the process environment starts off in a high vacuum state
where the pressure contribution is dominated by water vapor. Then argon
is continuously flown at a decreased pumping speed to increase the
pressure. At the higher pressure, the argon gas can be used as a shielding
gas to reduce the flux of water vapor counter to the flow. The following
section will cover how the growth material gets ejected from the cathode
and how it interacts with the surrounding gas.



3 Sputtering

3.1 Non-reactive sputtering

Sputtering is when a particle with mass such as an ion collides with a
surface of a material and due to the collision, atoms from the material is
ejected. The material can be either liquid or solid and is often referred to
as a target [13]. The underlying mechanism behind the ejection of the
sputtered material from a solid surface depend on the size of the ions
used. Heavy ions colliding with the surface causes a cascade of collisions
between target atoms. As the collision cascade develops, some of the
collisions will be directed towards the cathode surface, which will knock
out atoms. If a light ion is used instead of a heavy ion, sputtering will not
occur from collisions with the surface. Instead the ion will first collide
deeper inside the cathode material, and then strike out the surface material
from the backside. For ions of intermediate size, such as argon, both
mechanisms contribute to the amount of sputtered material [14]. The
sputter yield is defined as the number of ejected target atoms per
incoming ion [15]. This value depends on the angle, mass and kinetic
energy of the incoming ion as well as what target material that is being
used [14]. It is not only atoms that gets ejected from the surface during
sputtering, secondary electrons are also released as the ions approaches
the cathode surface. If these secondary electrons get accelerated by the
negative potential of the cathode, they will obtain enough kinetic energy
to further ionize the argon gas close to the cathode and this ionization
process creates a plasma [16].
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Figure 1: The different mechanisms for confining electrons in a
magnetron and a hollow cathode

When using sputtering to synthesize nanoparticles, it is common to use a
magnetron in a gas aggregation cluster source based on the Haberland
concept [17]. A sputter magnetron is device where a magnetic field is
present in the vicinity to the target surface. An illustration of a magnetron
can be found in Figure 1. The purpose of the magnetic field is to confine
the secondary electrons close to the target surface. The electrons will first
be accelerated by the electric field. Then as the magnetic field becomes
parallel with the cathode surface, their trajectory will bend towards the
surface where they might be reflected again. This causes a hopping
motion of the electrons where ionizing collisions with neutral atoms can
occur [18]. This will locally increase the plasma density and since more
ions are available, it helps to sustain the discharge at lower pressures [19].
However, a magnetron is not used in the present work, instead a hollow
cathode is utilized. The hollow cathode is in this case a cylinder, where
the discharge develops inside. The electron trapping inside a hollow
cathode occurs by a different means than that of a magnetron. When high
energy electrons gets released from the cathode surface it will first be
accelerated by the cathode sheath and the repelled by the cathode sheath
on the opposite side. This causes an oscillation of the electrons inside the
hollow cathode. Collisions with these electrons will ionize the gas atoms,
which results in a highly ionized plasma [20].

To further increase the ionization of the plasma, high powered electrical
pulses has been used. This is done by applying square wave voltage
pulses of a higher amplitude than would have been possible in direct
current (DC) mode without melting the target [16].



3.2 Reactive sputtering

When a reactive gas that can chemically bind to the sputtered material is
added, the process becomes a reactive sputtering process. A complex
interplay between the inflow of reactive gas, oxidation of the cathode,
reaction with the deposited material and the pumping speed of the
vacuum chamber arises. The process can be characterized and understood
by flowing oxygen to the process and monitoring its partial pressure. A
so called hysteresis curve is then often found.

Hysteresis

Partial presure of oxygen

Figure 2: Sketch of a typical hysteresis in steady state (black line). If
no fast feedback control is used, the partial pressure follows the red
dashed lines from 1 to 3 when the oxygen flow is increased. Then it
follows 6 to 7 when the flow is decreased. This exposes a hysteresis in
the process

An illustration of a typical hysteresis behavior of a reactive sputtering
process inside a vacuum system can be seen in Figure 2. The partial
pressure of oxygen in the vacuum system is displayed on the y-axis, and
the oxygen gas flow rate is displayed on the x-axis. At the area marked
as metal mode, there is no significant increase in the partial pressure of
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oxygen, even though oxygen gas is continuously added to the process.
The reason for this is that the oxygen gets consumed by the sputtering
target, the sputtered material and the pump of the vacuum system. Since
there is no or little oxygen bound to the target in this region, it is often
referred to as the metal mode. As the oxygen is further increased to the
point marked as 1, there are three different points (1,2,3) in the S-shaped
curve that the partial pressure can have at steady state. It is however very
difficult without an automatic fast feedback regulation loop to follow this
S-shaped curve manually by tuning the flow rate and observing the partial
pressure. This region is called the transition mode and a small
perturbation such as an arc can make the cathode jump from position 1 to
2 or 3. If the oxygen gas flow is increased to higher values than at position
1, the partial pressure follows the red dashed line and jumps directly to
position 3. This region is called the poisoned mode, and the cathode is
here fully oxidized. A further increase of the oxygen flow to the process
linearly increases the partial pressure of the vacuum system. This is
because no more oxygen can be consumed by the sputtering process. As
the oxygen flow is decreased to 6, the partial pressure follows the red
dashed line to 7. A hysteresis between the two red dashed lines is then
observed [19]. The reasons for this hysteresis is that the cathode is already
oxidized at position 6 and the deposition of titanium is less than at
position 1. When the cathode clean sputters itself the partial pressure of
oxygen decreases as the cathode becomes more efficient at sputtering out
titanium which consumes oxygen.

It is often desired to operate the cathode inside the transition regime, since
the deposition rate is much higher compared to the poisoned regime. One
other reason is that in the poisoned mode, the grown film can only be
fully stoichiometric, but it is possible to deposit sub stoichiometric films
in the transition and metal mode [21]. Since it is difficult to have a stable
transition mode, it is difficult to control the film stoichiometry. Several
techniques have previously been used to try to stabilize the process in the
transition mode when depositing thin films with a magnetron. Smaller
cathode surface areas has been shown to be more stable [22]. Using high
powered pulsed sputtering has also been shown to stabilize this zone in
certain parameter ranges [23] [24]. The utilization of a hollow cathode
where inert gas flows through it in combination with separate injection of
reactive gas from the cathode surface has given more stability of the
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reactive sputter process [25]. In paper 1, all of these beneficial effects
are combined and a stable process in the transition regime was possible.

In the work in this thesis, the power supply that feeds DC voltage to the
pulsing unit is operated in a constant average current mode. This leads to
that the cathode discharge voltage changes when oxygen is introduced to
the sputtering process. The main reason for this has been found to be due
to a change in the secondary electron emission yield as the target gets
oxidized [19]. The discharge voltage can be used to indicate the oxidation
state of the cathode, but careful considerations of other parameters that
influence the voltage has to be made. An increased voltage for a constant
current leads to a higher average powers. Since a pulsed voltage is used
another phenomenon also arises when oxygen is added to the sputtering
process of titanium, and that is that the peak current value increases for a
constant average current [26].
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4 Nanoparticle growth

It has now been explained how the growth material gets ejected, and how
the ejection of the growth material depends on the oxidation state of the
cathode. In this section we will look closer on how this growth material
is transformed into nanoparticles. Since the growth stages depend on the
charge of the particles, a short introduction to how particles charge up in
a plasma will first be given. This is followed by a discussion about how
the particles nucleate in the plasma. Lastly, the growth by coagulation
and through surface growth will be explained.

4.1 Particle charging

If a particle is put inside a low temperature laboratory plasma it will
typically acquire a negative charge. This is because the electrons in the
plasma have a higher velocity than the ions which gives them a higher
probability of colliding with a particle. As the particle has acquired a
negative charge, it will start to repel electrons and attract ions. A positive
ion sheath forms around the negatively charged particle. This sheath
length is related to the Debye length, 1o which is the distance where the
negative charge of the particle is fully shielded by the positive ions [27].

1 nge®  mye? 4)

= +
/11% gokpTe  €okpT;

Where ne is the electron density n; is the ion density, Te is the electron
temperature and T is the ion temperature, e is the elementary charge, &,
is the dielectric constant of the vacuum and kj is the Boltzmann constant
[28]. The charge of a particle is determined by the balance of the electron
and ion currents. The dust particles negative charge reduces the electron
current, so that the particle obtains no net currents at steady state. The
correct equations to describe the ion and electron current to the particle
depend on the size of the particle relative to the Debye length. If the
particle is small (or the Debye length is long) (Ap >> a), the ions will start
to orbit around the negatively charged particle and hit it with an incidence
angle. The theory used to describe this is called Orbital Motion Limited
(OML) [27]. To get the OML current in the case for a Maxwellian
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velocity distribution it is necessary to integrate for all velocities from
every charge contribution for the full solid angle 4z [28].

If the particle is large enough to obtain the floating potential of the
plasma, the the electron (5) and ion (6) flux to the particle is given by:

) 8kgT, eV ()
I, = —mrnge p— exp <kBTe>

(6)

8kgT; eV
I, = nmrine |—— (1 )

mm; B kBTi

Where r is the particle radius V is the floating potential, m; is the ion mass
and me is the electron mass [27]. If the particle radius is much shorter than
the Debye length (Ap>>r), a different equation has to be used which is
covered in the surface growth section of this chapter.

Due to the electron and ion currents, the particles in a low temperature
laboratory plasma will on average obtain a negative charge. However, if
one look at a single particle, the charging is a discrete process [27]. This
becomes significant for particles in the size range of 1-2 nm in diameter,
since such small particles can only hold up to one or two charges [29]
[30]. This means that particles can obtain neutral, or even in some special
cases positive charge if they statistically just happen to collide with more
ions [27].

Lastly it shall also be noted that the particle charge depends on the
number density of particles in the plasma. By looking at the condition for
quasi neutrality:

Ne = Ny — ZpNy @)

Where Z, is the particle charge and np is the number density of particles
in the plasma. For this quasi neutrality to hold when the total particle
charge density Z,n, approaches the same order of magnitude as the
charge density of ions nj, the plasma will get depleted of electrons,
reducing ne. Since the particles obtain their charge from the current from
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this depleted regime, the absolute value of the particles floating potential
will decrease [31].

4.2 Nucleation

In this section, the physical mechanisms behind the first stages of the
nanoparticle growth called nucleation is covered. Nucleation has been
defined as when a sub critical cluster has become large enough to
continue to grow [27]. There are also different types of nucleation
mechanisms. The same definitions as used by Bouchoule in ref [27] will
from here on be used. Homogenous nucleation is when only neutral
monomers or clusters of atoms are involved. lon induced nucleation is
when ions and all the consequences of charges are involved. When sub
critical clusters are created by chemical reactions, it is referred to as
chemical nucleation [27]. The Gibbs-Kelvin equation (8) can be used to
thermodynamically determine the critical diameter for which a small
particle is stable in a super saturated vapor. Particles of sizes less than dcrit
will evaporate and disappear. This equation is only valid for macroscopic
particles that exhibit properties such as surface tension. However it
should be noted that even though this equation cannot be used to describe
it, under certain circumstances the critical diameter can be less than the
size of two atoms [32].

doi = yVmol (8)
T kg TIn(S)

The critical diameter depends on the surface tension y, the molecular
volume V,,,;, the temperature T, and the super saturation ratio S [32].

The nucleation of nanoparticles from a sputter source is still a
phenomenon that is being studied [33] [34] [35] [36]. For the synthesis
of titanium, cobalt [33] and tungsten [37] nanoparticles it has been found
to be necessary to have a partial pressure of reactive gas such as oxygen
or water vapor in order for particles to nucleate. For the synthesis of
copper nanoparticles, oxygen was not found to be necessary, but at certain
partial pressures it increased the nanoparticle mass deposition rate [38].
The explanation for this behavior was attributed to the different binding
energies between metal-metal dimers and metal-oxygen dimers. A
titanium-titanium dimer has a low binding energy of 1.219 eV, while a
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titanium-oxygen dimer has a high binding energy of 6.908 eV. For the
case of copper, the copper-copper dimer binding energy is 2.0834 eV
while the copper-oxygen dimer is not much higher with a binding energy
of 2.974 eV. In addition to this, the sputter yield of copper is much higher
than that of titanium, which gives a higher density of copper atoms that
leads to a higher probability of two copper atoms colliding with each
other [33]. Even though the density of the sputtered material in a pulsed
hollow cathode can reach orders of 10'°-10%° jons/m? [16] no particles
was found in paper 2 at standard parameters when the partial pressure of
contaminants was too low. It is thus obvious that the same reaction
mechanisms described for the nucleation of copper particles cannot be
used to describe how the majority of titanium particles nucleate. Copper
can nucleate through homogenous nucleation. For this to happen, the inert
process gas has an important role in the nucleation process. The gas works
as a cooling media that dissipates heat when atoms bind together. By
looking kinetically on the nucleation mechanism, with only monoatomic
species involved, two metal atoms and at least one argon atom has to
collide at the same time in order for a stable dimer to form. The reason
for this is that the binding energy needs to be dissipated by a collision
with an argon atom that carries away this excess energy. Without the
argon atom, the molecular bonds in the dimer would split apart from its
obtained thermal energy when binding together. These types of collisions
are called three-body collisions, and is often used to describe
homogenous nucleation [35]. The exact reaction mechanism for the
chemical nucleation of the titanium nanoparticles synthesized in this
thesis is today unknown. The explanation becomes further complicated,
since most of the growth material is ionized, and oxygen can form
negative ions that might play an important role. It has also been suggested
that oxide formation on the cathode surface could cause small arcs that
eject stable clusters of atoms which can grow to larger particles [38].

From equation (8) it can be seen that the amount of sputtered material is
an important factor that contributes to the super saturation ratio and thus
the critical size. Since the sputter yield of metal from the cathode
decreases when oxygen reacts to it [21], oxygen can thus decrease this
super saturation ratio and reduce the particle nucleation rate. It has been
observed that there is an optimum value of the particle mass deposition
rate that depends on the cathode discharge power and the oxygen gas
flow. However this high deposition rate was only stable in a narrow
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process window [34]. This concludes that in order to get a good and
reliable process both the oxidation state of the cathode and the oxygen
content of the vacuum system have to be precisely controlled.

The inert gas pressure is also an important parameter that has to be
considered for the particle nucleation. It has been reported that
homogenous nucleation of vanadium nanoparticles was made possible by
increasing the argon gas pressure. The higher inert gas pressure allowed
the metal vapours to cool down more efficiently. However, the base
pressure during these experiments were in the 10~ Pa range. This means
that there are still a significant amount of contaminants that could have
contributed to chemical nucleation of the particles [39]. The same
phenomenon was observed in paper 2 but also an increase in the particle
oxygen content and cathode voltage was observed with increasing inert
gas pressures, which suggests that oxygen was still contributing to the
nucleation.

4.3 Coagulation

In this section, the growth of nanoparticles through inelastic collisions
will be covered. This process is called coagulation, and it is when species
larger than a monomer collide with each other and bind together [32].
This coagulation theory was made for capacitively coupled argon-silane
discharges, and the sizes of particles obtaining the floating potential of
the plasma might vary in the hollow cathode plasma discharge [27].
Theoretical work has also been made on the coagulation in expanding
copper plasmas produced by lasers evaporation where it was found to
have a small influence on the resulting particle size [40].

When the number density of particles is high, growth through coagulation
can occur [40]. Since the particles are inside a plasma, they will be
charged up by collisions with ions and electrons. A small particle with a
size of 1-2 nm does not hold more than one or two charges [29] and thus
if a negatively charged particle collides with two ions its charge can
change sign to positive. This leads to that small particles in the plasma
can have negative, neutral and positive charges. Negative and positive
charged particles will then be attracted to each other and bind together.
There will also be an attractive force between charged and neutral
particles due to an image potential induced by the charged particle. As
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the particles grow larger, they will obtain an increasingly negative charge,
and coagulation will eventually be suppressed due to coulomb repulsion
[30]. It is still however possible that this coulomb repulsion could be
surpassed if the particles have a high kinetic energy. And the Coulomb
repulsion could be reduced if the density of nanoparticles are high enough
to cause electron depletion in the plasma that decreases the particle
charge.

4.4 Surface Growth

When the coagulation stops and the particles obtain a negative charge,
the flux of ions from the OML current will be the main contribution of
growth material to the particle. Why this is the case can be understood by
looking at the collision cross section for ions and neutrals on a charge
particle. The collision cross section of a neutral is given by

Oneutral = nr? (9)

Which is the same as the geometrical cross section. By using a simplified
equation for the floating potential

_ KiksT, (10)
e

Where K is a function of the ion mass and the ratio between the electron
and ion temperature. For titanium and in the parameter regime worked in,
a value of K1 = 2.48 can be used. The collision cross section for a positive
ion on a negatively charged is then given by

Te) (11)

T;

The collision cross section will thus be much larger, in the order of two
magnitudes for ions compared to neutrals [8]. This has shown to give
growth rates in the order of 470 nm/s when a copper hollow cathode was
used [9].

Oion = T2 (1 + K,

The electron and ion currents will cause heating of the particle. And the
mechanism through which the particle cools down is by radiating heat or
by collisions with colder gas atoms. This is significant in high density
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plasmas, since there are less gas atoms that can cool the particle and a
higher ion current that heats the particles which could lead to evaporation
of particles [27].
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5 Experimental setup

Two slightly different experimental setups were used in the appended
papers. In paper 1, a stainless steel mesh (Figure. 3 a) was used around
the growth zone of the particles. The exact function of this mesh is still
unknown, however it has been found to increase the reproducibility of
getting particles down on the substrate, compared to not using anything
at all.
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Figure 3: The experimental setups used. With the mesh and anode
ring (a) used in paper 1. The experimental setup with the growth tube
(b) used in paper 2.

O Water cooling

A negative bias voltage can be put on the mesh, and if the potential
between the mesh and the cathode becomes higher than the mesh and
anode, a portion of the discharge current can flow through it. Another
difference in (a) is the positioning and shape of the anode. Here it is made
out of a thin ring suspended on a wire. There were several problems with
the experimental setup that needed to be addressed for the experiments
made for paper 2. The main problem was low reproducibility between
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experiments which manifested itself as drifts in the discharge voltage and
the particle size distributions as well as uninterpretable x-ray diffraction
patterns for particles produced without the addition of oxygen. This was
believed to be mainly associated with fluctuations of the residual water
in the vacuum system. To minimize the effects of the base pressure, a
tube was put around the particle growth zone to prevent water vapour
from diffusing in to the plasma and react with the particles and cathode.
Several prototypes of this growth tube were tested and it was found that
a tube with diameter of 40 mm was too narrow to use up in the expansion
zone of the plasma. A tube of diameter 73 mm and length of 68 mm gave
a sufficient expansion zone, that could be later narrowed down to 40 mm
in the bottom part of the tube (Figure 3 b). To focus the particles with the
gas flow and to further suppress inflow of water the exit hole of the
growth tube was narrowed to a diameter of 10 mm. To make sure that the
argon gas that was fed to the process was clean, a gas purifier was put on
the gas line. Water cooling of the growth tube was necessary, since the
discharge voltage drifted with temperature. With this setup, it was
possible to reach a clean state where particles did not nucleate without
the addition of oxygen. This is why there is an oxygen inlet in the lower
part of the growth tube. Injecting oxygen outside of the system as in (a)
did not influence the discharge inside the growth tube.

Other than these differences, the experimental setups are similar. It is
possible to change the negative potential on both the growth tube and
mesh to allow for size control. The chamber pressure at constant gas flow
is set by restricting the pumping speed with the throttle valve. A
differentially pumped residual gas analyser is used to monitor the partial
pressure of the gases in the chamber. The substrates have a positive
potential to attract the particles which have a negative charge

The discharge parameters used in both papers were similar and is here by
referred to as the standard parameters. A frequency of 1500 Hz was used
with a pulse width of 80 ps. The power supply was operated in current
regulation mode, and a constant current was set so that the average power
to the cathode did not exceed 100 W when oxygen was added to the
process. The average power to the cathode was around 93 W in the metal
mode. This resulted in peak current values of around 10 A and discharge
voltages in the order of 280 V.
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6 Results and discussion

In this chapter, the results from the two papers are tied together and
discussed combined with un-published results obtained from sputtering a
molybdenum cathode. First, the influence of the reactive gas on the
process and the particles will be presented. Then different means of
controlling the particle size will be discussed.

6.1 Influence of reactive gases on the cathode

The influence of reactive gases on the nanoparticles and the synthesis
process was prior to this work unknown for this pulsed hollow cathode
synthesis process. However, for the synthesis of titanium, it was found to
be one of the most important process parameter. Here, all the important
findings are presented with some additional un-published data.

First we will look at the influence of oxygen flow to the chamber on the
discharge voltage and the oxygen partial pressure. This experiment was
done with the mesh (Figure. 3 a), so the oxygen could react with the
plasma.
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Figure 4: Oxygen partial pressure (blue circle) and cathode
discharge voltage (red square) as a function of oxygen gas flow. The
cathode voltage and the partial pressure increases with increasing
oxygen gas flow (filled markers). When the oxygen gas flow decreases
(open markers), a small hysteresis is found.

In Figure. 4 it can be seen from the red curve that the cathode indeed
reacts with the oxygen which changes its discharge voltage. It should be
noted that the plateau at 289 V was not always there and sometimes the
voltage change was observed at lower gas flows than 0.075 sccm. This
implies that to only have an inert gas flow through the hollow cathode
does not fully suppress oxygen from reacting with it. At the highest
reactive gas flow of 0.175 sccm, the cathode is still in the transition mode
and a further increase would increase the discharge voltage. When the gas
flow is decreased (open markers) a hysteresis in the discharge voltage can
be seen. By looking at the blue curve which shows the oxygen partial
pressure of the chamber, a small hysteresis is also observed. However,
this hysteresis is nothing like the ones typically seen in magnetron
discharges, and if a longer waiting time between the measurement points
were made, the hysteresis vanished. To grow fully stoichiometric
titanium dioxide nanoparticles, it was not necessary to use higher gas
flows than 0.125 sccm, at an argon gas flow of 90 sccm. This means that
the cathode can be operated in the transition mode while still producing
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fully stoichiometric particles which allows for a higher deposition rate. It
should however be noted that the deposition rate decreased when fully
stoichiometric titanium dioxide nanoparticles were synthesized, but no
quantification of the magnitude has been made. The deposition rate
further decreased for even higher oxygen flows, which is also evidence
for that the cathode had not yet reached the poisoned mode when fully
stoichiometric titanium dioxide particles where produced.

If the same experiment was run with the growth tube attached, the
discharge voltage (red square) and partial pressure (blue circle) followed
the curves in Figure. 5. It is clear that the discharge voltage does not get
affected by the partial pressure of oxygen outside of the growth tube.
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Figure 5: Oxygen partial pressure (blue circle) vs cathode discharge
voltage (red square) as function of oxygen gas flow with the growth
tube. The cathode discharge voltage without the growth tube is
marked as black triangles.

It is thus safe to assume that the growth tube protects the cathode for
oxygen partial pressures of at least 1.25 Pa at an argon gas flow of 90
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sccm. For comparison, the discharge voltage without the growth tube is
plotted (black triangle) in the same graph. Already at 0.4 sccm, the
cathode started to arc and the experiment had to be stopped. This result
show that any fluctuation of the base pressure outside of the growth tube
can be neglected. The only contaminants that could react with the
particles is thus the ones desorbed from the inside of the growth tube.
This led to a higher reproducibility and also the possibility to operate the
discharge at clean conditions where the oxygen content was too low for
nucleation to occur.

6.2 Influence of reactive gases on the nanoparticles

In this section, a closer look is taken on the influence of the reactive gas
on the nanoparticles that are being produced. First the regimes where
nucleation was possible is presented. Then the different crystal structures
and the oxygen stoichiometry obtained are looked at. Lastly a discussion
is made regarding whether the oxygen influences the particle size.

6.2.1 Influence on nucleation

With the growth tube present, it was possible to operate the process in
regimes where no nucleation occurred unless oxygen was intentionally
introduced in to the growth tube. This regime was present at high gas
flows and low inert gas pressures. A plot of the regime which was
experimentally found can be seen in Figure. 6, where the pressure is
plotted on the x-axis and the argon gas flow is plotted on the y-axis. At
the parameters marked as circles, particles were found. At the parameters
marked with crosses, no particles were found unless oxygen was added.
This is interpreted as that chemical nucleation occurs below the pink
dashed line, and above it, the partial pressure of residual gas p,, is too
low. In this reasoning we assume a constant supply of reactive gas from
the growth tube walls Q,,. When the gas flow Q,, is increased, the
reactive gases gets more diluted. When the pressure p,,. is increased, the
pumping speed that removes reactive gases from the growth tube
becomes less. This gives us the relationship:
pox X Qox& (12)

QAr
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Figure 6: Nucleation of particles as a function of pressure and gas
flow. Nucleation was possible without addition of oxygen (circles).
Nucleation was not possible without the addition of oxygen (crosses).
The dotted pink line shows where it is where it is a constant supply
of contaminants for a constant base pressure.

Thus a line can be plotted in Figure. 6 (pink dashed) which was
experimentally found to be valid for a base pressures between 4.5-10°
and 6.7-10° Pa. The line will also be shifted between experiments if the
base pressure changes or during experiments if the particle synthesis
process consumes the residual gas in the growth tube. This can be seen in
the figure as positions marked with both a circle and a cross. Temperature
fluctuations should also shift this line since the desorption rate Q,,
depends on the temperature [10].

This interpretation assumes that homogenous nucleation is not possible

in the regime studied, and the pink dashed line represents the limit due to
the lack of chemical nucleation sites. However, it has been argued that an
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increased inert gas pressure could change the nucleation regime of
vanadium nanoparticles from a chemical to a homogenous [39]. To
answer the question if this is the case for titanium nanoparticles, more
experiments in a much cleaner environment are necessary.

Nitrogen was also tested as a reactive gas for titanium to nucleate on. The
cathode discharge voltage changed, but no particles were found on the
substrate.

6.2.2 Influence on oxygen content and crystal
structure

First we will look at the low reactive gas partial pressure regime, where
the nanoparticles oxygen content most likely came from the residual
water in the vacuum system. Repeated X-ray diffraction measurements
on samples synthesized in this regime gave inconclusive results. Only
once a peak of titanium together with peaks of titanium oxide could be
identified. In addition to this, no pure titanium core and oxide shell on the
titanium nanoparticles were ever found. This is different from the
nanoparticles synthesized that can be found in the literature. A metal core
and an oxide shell is found when synthesizing copper [41] and iron with
the pulsed hollow cathode sputtering process. In a cluster source a
titanium core and an oxide shell has been observed [42]. However, in a
plasma gas condensation cluster deposition system, nanoparticles without
any core shell structure were synthesized. It was argued that the lattice
miss match between NaCl-type titanium oxides and fcc titanium is less
for nanoparticles compared to bulk. This led to that oxygen atoms could
subsidize titanium atoms in the fcc lattice. It was also found that for
particle sizes larger than 15 nm that were made out of TiOy, with a hcp
phase, no oxide shell was formed. The explanation for this was that it was
due to a high solubility of oxygen in the lattice [43].

The lack of a shell in this work could be due to that the oxygen content
of the nanoparticles were too high so that a NaCl-type titanium oxide was
always formed. When the oxygen content of the process was reduced, the
particles stopped nucleate and thus lower oxygen containing
nanoparticles could not be studied. This highlights one of the issues when
synthesizing nanoparticles with this process. The issue is that clean
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particles cannot be made without stopping or reducing the nucleation.
This was realized when trying to synthesize InAIN particles for a separate
project, but only InAION particles could be produced.

Moving on to higher oxygen contents, where oxygen was intentionally
introduced to the process. X-ray diffraction of the nanoparticles
synthesized is presented in Figure. 7.
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Figure 7: X-ray diffraction patterns on nanoparticles synthesized at
different oxygen gas flows. A higher oxygen flow leads to higher
oxygen containing phases
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At 0 sccm, no oxygen was injected and the oxidation occurred from the
residual gas in the vacuum system. Peaks of Ti and TiO was found,
however it should be pointed out again that these peaks were not
reproducible. When 0.025 sccm oxygen was introduced to the process,
only TiO phases were found and at 0.05 sccm Ti203 was the dominating
phase. At 0.075 scem, no peaks could be identified and it was probably a
mixture of some intermediate phases. When the flow reached 0.1 sccm,
and above, TiO> nanoparticles in the rutile phase was found. This result
demonstrates the possibility to control the oxygen content of the
nanoparticles. This is made possible because the cathode could stay in the
transition mode without drifting to the poisoned mode.

The titanium dioxide nanoparticles in the rutile phase were single
crystalline. Some particles with twin planes or stacking faults could be
found. The particles were fully oxidized all the way through without
showing any signs of a less oxidized core [44].

For the titanium particles, there were no significant changes in the particle
morphology when their oxygen content increased. This observation is
however not universally true, since nanoparticles synthesized with a
molybdenum cathode had a profound morphological change. It should be
noted that these experiments with molybdenum were run with different
discharge parameters (750 Hz, 20 W) and argon gas flows (5 sccm). Here,
the particles transitioned from cubic to cauliflower shaped when an
oxygen flow of 0.025 was introduced.

Ti 0 sccm Ti 0.15 sccm Mo 0 scecm Mo 0.025 scecm
Figure 8: Nanoparticle change in morphology when oxygen was

introduced to the process. No significant change could be seen for the
titanium particles. The molybdenum particles transitioned from
cubic to a cauliflower morphology.
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This different behaviour between the two materials can be seen in Figure.
8. The only change in the titanium particles that was readily observed was
that the perceived hexagonal shaped particles from the 2 dimensional
images disappeared when oxygen was introduced and instead, some
particles got a more oval shape. In the case of molybdenum, there was a
clear and reproducible transition from cubic to cauliflower shaped
particles.

6.2.3 Oxygens influence on the particle size

No size variation of the nanoparticles with different oxygen gas flows
could be found when particles where synthesized with the titanium
hollow cathode. This result is different from those in the literature where
titanium oxide nanoparticles were synthesized in a cluster sources. When
nanoparticles with sizes of less than 10 nm were synthesized, an
exponential increase of the nanoparticle size with reactive gas flow was
found [45]. However, a size decrease has also been found by another
group [46]. When a molybdenum cathode was used in the experimental
setup described in this thesis, there was a size increase when oxygen was
added to the process. So it should not be ruled out that oxygen can have
a size increasing effect for different materials or different parameters. No
simple explanation and general trend can be made, and the resulting
particle size is probably a complicated interplay between particle
nucleation and cathode poisoning, which could either increase or
decrease the size depending on the experimental setup and the parameters
used.

6.3 Size control

The ability to control the size of the nanoparticles is one of the most
important factors that determines the properties the particles exhibit. It
has previously been shown that for copper nanoparticles, the pulse
parameters such as frequency can be used to change the nanoparticle size
distribution [8]. This approach was also tested for a titanium hollow
cathode, but the results were inconclusive. One major reason that these
experiments did not work for titanium was that if the discharge
parameters were altered so that the amount of sputtered titanium
decreased, the cathode went in to the poisoned mode. Because of this,
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other means of size control had to be investigated for titanium
nanoparticles.

Size control by changing electrical potentials around the growth zone will
first be presented, then a discussion about the influence of pressure and
gas flow on the nanoparticle size will be made.

6.3.1 Size control by changing the mesh bias

A compilation of nanoparticle size distributions for different mesh biases
can be seen in Figure. 9. The open markers represent particles produced
at an oxygen gas flow of 0.05 sccm. The filled markers represent particles
produced at an oxygen flow of 0.15 sccm. No trend in the size variation
with increasing oxygen gas flow can be seen. There are some size
fluctuations between experiments on the same parameters and the
fluctuations when oxygen is introduced is in the same order.
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Figure 9: Nanoparticle size as a function of mesh bias for an oxygen

flow of 0.05 sccm (open markers) and 0.15 sccm (filled markers). No

significant size change can be seen between the two flows. The

nanoparticle size decreases with decreasing negative bias.
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There is a clear trend that the size decreases linearly when the negative
mesh bias voltage is decreased. The mesh was connected to an active
clamp circuit, which allowed current to flow through it if the potential
between the mesh and cathode became higher than the potential between
cathode and anode. This current was measured and plotted in Figure.10.
It can be seen that at — 50 V, all the current passes through the anode. No
current is passed through the mesh until the negative mesh bias is reduced
to -20 V. The current then steadily increases with decreasing negative
mesh bias.
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Figure 10 Current through the anode and current through the mesh
during the pulse for different mesh biases.

This deflection of the current away from the anode ring and to the mesh
also deflects the current away from the zone where the nanoparticles
grow. This should decrease the electron temperature, which would lead
to a lower ion current which is the main source of growth material to the
particles. However, this cannot be the only explanation to this
observation. The reason for is that a size decrease is observed between
—50and —20 V (Figure. 9), when all of the current still passes through the
anode. The real explanation behind how the mesh bias influences the
particle size is unknown. By monitoring the partial pressure of oxygen in
the process when the mesh bias was changed, it could be seen that this
partial pressure was constant. This means that the amount of sputtered
titanium that reacted with this oxygen was independent of the mesh bias.
The resulting benefit of this is that the particle size can be controlled
without influencing the oxygen content of the particle.
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6.3.2 Size control by pressure and gas flow

The argon gas pressure and flow was also found to be parameters that
influenced the particle size. The following experimental results were
obtained with the growth tube. First the influence of the pressure will be
presented. Then experiments where the gas flow was varied followed by
a simple theoretical model of the observed trends will be discussed.

In Figure. 11, the particles average size and size distributions as a
function of pressure is presented for different gas flows. As discussed
earlier, at low pressures and high gas flows, oxygen was needed to be
added to synthesize particles. This has been marked with a black square
behind the markings in the figure. It can be seen that the particle size
increases with increasing pressure for all gas flows tested.
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Figure 11: Particle size as a function of pressure for different argon
gas flows. The black squares behind the Markings and dotted lines
represent regions where oxygen had to be added. The dashed pink
line is to show the deviation from a linear trend at 177 Pa.
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This size increase is after 177 Pa faster than linear as can be seen from
the deviation from the pink dashed line. The size distributions also get
broader at higher pressures. The size control that is possible by changing
the pressure has a much larger range than the mesh bias, however, this
pressure increase also increases the oxygen content of the particles. The
underlying reason for this increase in oxygen content is believed to be
due to a lower pumping speed of reactive gases out of the growth tube at
higher pressures. It should also be pointed out that the cathode discharge
voltage increases when the pressure is increased which might be an
indication of increased cathode oxidation at higher pressures.

The morphology of the particles also changed when the pressure was

increased. In Figure. 12 nanoparticles synthesized at a gas flow of 90
sccm at different pressures can be seen.
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Figure 12:

EM images of particles synthesized at a pressure of 109
Pa (a) 163Pa (b) 189 Pa (c), (d) and 243 Pa (e). A close up of the
continued single crystal domain at the shell (d). Arrow in (e) shows
the cubic core.

The particles start of as faceted crystals where most of them show
multiple domains (a). As the pressure is increased, the particles obtain a
cubic shape and the whole particle is a single crystalline domain (b). At
the pressure of 189 Pa, the particles obtain a faceted shape (c), however
they are still single crystalline, as can be seen by the continued crystal
domain in (d). When the pressure is increased to 243 Pa, a new
morphology emerges (e). This morphology has a single crystalline cubic
core (arrow) and a poly crystalline shell and the outer shape of the particle
is often referred to as a cauliflower shape.
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This transition from cubic to cauliflower shaped particles with increasing
pressure is very similar to the transition of cubic molybdenum particles
to cauliflower shape (Figure. 8) when oxygen was introduced to the
process. From the literature of thin film growth of molybdenum, it has
been observed that columnar grown thin films get smaller columnar grain
widths when the oxygen content of the sputtering process is increased.
Since this grain width depends on the migration range of the adatoms on
the surface, it was argued that since molybdenum has a high affinity to
oxygen, the adatom mobility is suppressed by oxidation [47]. This can
very well be the case for why the molybdenum particles transition from
a cubic to a cauliflower morphology. A low adatom mobility will lead to
that the adatoms bind to less preferential sites, which promotes poly
crystallinity and thus a cauliflower shaped particle. Similarly in the case
for titanium when the pressure is increased, the cooling rate of the particle
will increase due to more frequent collisions with argon atoms. A lower
temperature will decrease the adatom mobility [48] and thus promote
poly crystallinity. In addition to this the deposition rate of titanium on the
particle surface could increase. This would promote a more poly
crystalline structure, since the adatoms would not have time to find their
lowest energy state before getting covered by new atoms [18].

The influence of the inert gas flow rate on the particles will now be
presented. The particle size as a function of gas flow for different
pressures can be seen in Figure. 13. It was found that the particle size
decreased with increasing gas flow at pressures below 143 Pa.
Surprisingly at 215 Pa a particle size increase with increasing gas flow
was found. At the pressure of 177 and 249 Pa no clear trend could be
found.
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Figure 13: Particle size as function of gas flow for different pressures.
The black squares behind the Markings and dotted lines represent
regions where oxygen had to be added. At 107 Pa and 143 Pa, the
particle size decreases with increasing flow. At 177 Pa, there is no
clear trend in the size as a function of pressure. At 215 Pa there is a
clear size increase with increasing gas flow.

In the literature, when a size decrease is found with an increasing inert
gas flow in cluster sources, it is often argued to be due to a shorter
residence time of the particles in the growth zone [49]. The same thing
can be argued here as well at the lower pressures. Due to the design of
cluster sources, the pressure is often set by the gas flow, and thus when
the flow is increased, so is the pressure in the aggregation zone [42]. Thus
the results in the literature cannot be directly compared to the results
found here. The observed size increase could be due to a more efficient
extraction of sputtered material from the hollow cathode at the higher
pressure [50].
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A simple model was proposed to explain the observed growth behavior
of the particles. The assumptions made and the reasoning behind them
can be found in the discussion section of paper 2. In short it is assumed
that the particle growth rate can be explained by

Typ = {dryp/dt) - tyes (13)

Where ryp is the particle size, dryp/dt is the particle growth rate and
t,es 1S the residence time of the particle in the growth zone. As was found
in Figure. 11, the growth rate does not increase linearly with pressure but
rather exponential. Thus both the growth rate and the residence time
should increase linearly with pressure, in order to give an exponential
increase. Why the growth rate would increase with pressure can be
understood by that the diffusion rate of titanium ions from the cathode to
the wall decreases with increasing pressure. Thus a higher density of
titanium would be available at higher pressures which increases the
growth rate. To explain why the residence time would increase with
pressure one has to first mention that the sputtered material from the
hollow cathode gets ejected by a puff, that can reach velocities of 190 m/s
[16]. The ejected material/particles will then be slowed down by the gas
in the growth tube, which has a much lower velocity. The friction
between the gas and the particles will increase with pressure, and thus the
particles will stay longer in the growth tube for higher pressures.
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7 Concluding remarks

Nanoparticles of titanium have been synthesized in a plasma generated
by a pulsed hollow cathode sputtering process. The reactive gas partial
pressure originating from oxygen or water vapor was found to be an
important parameter. If the reactive gas was too low, no nucleation
occurred. If the reactive gas was too high, the cathode oxidized which
reduced the yield of particles and made the process unstable. In order to
synthesize particles, this reactive gas had to be in an intermediate range.
By varying the oxygen partial pressure inside this range, the oxygen
stoichiometry of the particles could be controlled. This was made
possible since the use of a hollow cathode with an inert gas flow through
it reduced the oxidation of the cathode surface which stabilized the
sputtering process in the transition mode. To further suppress the inflow
of reactive from the vacuum system to the growing particles, a tube was
put around the growth zone. This allowed for deposition conditions that
were cleaner and more stable.

It was possible to control the nanoparticle size without influencing their
oxygen content by changing electrical potentials around the growth zone.
The pressure was found to change the morphology of the particles which
was attributed to a lower adatom mobility on the particle surface at higher
pressures. A pressure increase also led to an exponential increase of the
particle size. This could be explained by that both the growth rate and the
residence time of the particles in the plasma increased with increasing
pressure. The growth rate increase is due to a higher plasma density due
to a lower ambipolar diffusion rate. The longer residence time can be
attributed to a higher friction between the particles and the surrounding
gas at the higher pressure.
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8 Current research and future plans

Although the reproducibility of the nanoparticle synthesis process
increased with the growth tube attached, the deposition rate is still not
controllable. This is because the process consumes water vapor which
slowly gets depleted that leads to a decreased deposition rate. In addition
to this, particles with an oxygen content of less than 20% cannot be
synthesized. The underlying reason why pressure was investigated was
to try to find a parameter which made clean particles that were not
contaminated with oxygen. The idea was to try to enter a homogenous
nucleation regime, and thus not be dependent on the fluctuating partial
pressure of water in order to get nucleation. This was a real problem when
a side project needed InAIN particles, but only InAION particles with
uncontrollable deposition rate and oxygen content could be produced.
Thus cleaner and more stable parameters need to be investigated in the
future.

Since higher pressures increased the oxygen content of the particles it
would in the future be interesting to synthesize particles at cleaner
conditions in higher pressures. This could be done by re designing the
growth tube to be allowed to be baked out before depositions. In
combination with the higher pressure, the use of pulsing parameters that
gives a higher supersaturation of the titanium vapor could be used. In
addition to this, applying magnetic fields around the growth zone could
also be tested in order to confine the plasma and thus increase the super
saturation.

If this is shown to not work, and oxygen is still found to be necessary to
get a decent production of particles, a method for intentionally injecting
a low amount of oxygen that is high enough to allow for nucleation, but
low enough to not severely contaminate the particles or the cathode has
to be invented. Hydrogen has been used in order to reduce oxygen from
thin films, so a combination of hydrogen and oxygen might be a rout to
take.
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