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Abstract

The properties of the nanoparticles are highly effected by their size. In
order to apply nanoparticles commercially it is desirable to synthesize them
with a narrow size distribution and at high productivity. We synthesized
copper nanoparticles (grains) using a plasma generated by a hollow cathode
with a pulsed voltage. The gas used for sputtering was argon. The collected
copper grains were analyzed by scanning electron microscopy and afterwards
their size distribution was analyzed. We studied the influence on the size
distribution of four parameters: mesh; magnetic field (B-field); anode ring
position; frequency. The productivity of the setup was highly influenced
by the mesh. No grains were found on the substrates after experiments run
without both the B-field and the mesh. The productivity was also dependent
on the B-field. We noticed that when the B-field was applied to a no-mesh
setup we collected a few grains. The size of the grains was effected by the
position of the anode ring and the value of the frequency. The size of the
grains enlarged when the distance between the hollow cathode and anode ring
was increased. The effect of grains enlargement was also seen with increasing
frequency.
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Chapter 1

Introduction

1.1 General Problem Formulation

The nucleation and growth of the nanoparticles (grains) is highly influenced
by the plasma conditions. By changing the plasma conditions we can influ-
ence nucleation and growth of the grains. Thus we can collect grains with
specific size distribution. Our tools for changing the plasma conditions are
four parameters: mesh, B-field, anode ring position and frequency. We also
call them setup parameters. This work is dedicated to study the influence of
the setup parameters on the productivity, and on the size distribution of the
grains. We know that the parameters influence each other and therefore it is
hard to isolate the effect of each parameter. In order to determine the exact
effect of each parameter we have changed only one parameter at a time.

1.2 Aim

The properties of the grains are highly influenced by their size. Therefore, it
is very important to develop a reliable method for synthesizing grains, and
physical insight, with the mechanisms that determine the size and the shape
of the grains that we produce. The aim of this work is to study how different
plasma conditions effect on the size of the grains and the productivity of
the setup. We analyze the results in terms of the effect of different setup
parameters on the plasma and therefore on the size of the grains.
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Chapter 2

Background

In this section of the report short theory notes will be given. We will briefly
explain what plasma and hollow cathode are. Also the basic foundations
of the magnetic field, Helmholtz coil and particle drift will be concerned.
Finally we will refer to the fundamentals of the nanotechnology.

2.1 Plasma

When gaseous state matter is heated to a temperature so high that atoms
are stripped of at least one electron in their outer shells, we call it plasma.
Plasma is also known as gas of charged particles. Plasmas can be weakly or
fully ionized. In weakly ionized plasmas only 1-10 % of the atoms are ionized,
with the rest of the gas remaining as neutral atoms or molecules. At higher
temperatures, such as those in nuclear fusion research, plasmas become fully
ionized, meaning that all the particles are charged. The motions of the
charged particles can form charge bunches, which create electric fields, or
currents, which create magnetic fields.

Outside the Earth in the ionosphere or outer space almost everything
is in the plasma state. For example: Aurora borealis; Solar wind; Mag-
netospheres of Earth and Jupiter; Solar corona and sunspots Comet tails;
Gaseous nebulae; Stellar interiors and atmospheres; Galactic arms Quasars,
pulsars, novas, and black holes [2]. On Earth, however, plasma does not
occur naturally. The basic reasons for that is the lack of high energies and
high density of the Earth’s atmosphere.

To create a plasma, we must first assure that the pressure in the chamber
is between 1 mTorr and 100 Torr. For comparison the atmospheric pressure is
760 Torr. The base pressure, before the chamber is filled with gas, has to be
at least 10−5 Torr, and sometimes 10−6 Torr, much lower than the operating
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pressure in order to keep down the partial pressure of contaminants. Next
we introduce a working gas. Usually for working gases are used noble gases
because they are easily ionized and they do not react chemically. Sometimes
along with the working gas we can add oxygen or other reagent for some
applications. To ionize and heat a plasma, electrical power is applied at
a radiofrequency (RF), at a microwave frequency or simply driving electric
current through it.Hereafter focus over electrically driven plasmas will be
presented.

The fashion of ionization is rather straight forward. Lets assume that
there are always some free electrons in our chamber, this can be due to cosmic
radiation. After applying electric field to the gas we gradually increase the
energy of the bond electrons, in the still neutral atoms. When the electrons
gain enough energy to overcome the bounding atomic forces they start to
accelerate. Colliding with neutrals those free electrons transfer them energy
and eventually electron cascades will ionize the whole bulk. It is worth
mentioning that the probability of electron collision is much smaller than
collisions between electrons and neutrals or ions. Plasma glowing comes from
excited electrons who relax to the ground state and emits photons. Naturally
plasma glows in the ultraviolet spectrum but when the applied energy is big
enough the glowing becomes visible.

Plasma as a whole is quasi neutral,meaning that the net charge density
ρ = e(ni − ne) ≈ 0, where e is charge, ne is electron density and ni ion
density. If the ions have a charge Z, the condition of quasi-neutrality can be
rewritten as ni = Zne. Even though the quasi-neutrality is fulfilled for most
of the plasma’s volume there are regions where the neutrality is disturbed.
This is what happens near the walls around a plasma and near objects, such
as probes, inserted into the plasma.

The motion of the electrons and ions in the bulk of the discharge is govern
by the Coulomb force. If we consider the electron thermal velocity veth =√

eTe
me

and the ion thermal velocity vith =
√

eTi
Mi

and notice that me/Mi << 1

we can say that electron thermal velocity is at least 100 times higher than
ions thermal velocity [4]. In plasma where quasi neutrality is fulfilled the
electric potential Φ and the electric field Ex are zero everywhere and fast
electrons are hardly confined. Therefore when we look at a chamber which
walls are grounded then there will be a thin positive, ion sheath. On a
contrary when we introduce dust particles or not grounded objects, they will
charge negatively again because of the faster electrons. Those examples of
violation of the quasi-neutrality lead us to Debye shielding mechanism. If a
charge particle with charge q > 0 is introduced to the plasma it will repel
ions and attract electrons. In that way an electron cloud will be formed
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around that particle. Same shielding mechanism will arise when q < 0. If
that shielding cloud is imagined as a sphere its radius could be estimated.
The radius is called Debye length and it is equal to

λD = (
Te

4πnee2
)1/2 (2.1)

where Te is electron temperature and ne is electron density.
We can assume that the potential energy of a typical particle due to its

nearest neighbor is much smaller than its kinetic energy [3]. There are ex-
ceptions from this condition, for example dusty plasmas. Having the average
potential energy of a particle due to its nearest neighbors to be ϕ ∼ n

1/3
α e2

and the typical kinetic energy E = 1
2
mα < v >2= 3

2
Tα, where nα , mα and

Tα are the density, mass and temperature of species α respectively. From

ϕ << E ⇒ n1/3
α e2 << Tα ⇒ n2/3

α (
Tα
nαe2

) (2.2)

Recognizing the Debye length in equation 2.2 we can write

Λ ≡ nλ3D >> 1, (2.3)

where Λ is called plasma parameter. The plasma parameter simply says
how many particles of one kind are in a cube with a side length equal to the
Debye length. From the above expression we may say that we need many
particle in a Debye cube in order to call a charged gas plasma.

Interesting division in plasma physics is dusty plasma. Dusty plasma is
considered to be a plasma containing nanometer or micrometer-sized parti-
cles suspended in it. The dust particles are charged by the inflow of electrons
and ions. Thus, they act as an additional plasma species. Recently devel-
oped, the dusty plasma has many applications. Two highly developing areas
where dusty plasma applies are semiconductor industry and nanoparticle
production.

Electrically driven discharges can be designed in different fashions. Elec-
trodes that apply the electric field can be in contact with the plasma or
they can drive plasma inductively, capacitively or quasi-optically from a
source outside the plasma. For some applications, e.g. thin film growth
and nanoparticles synthesis, it can be advantageous to use an electrode that
is in contact with the plasma. The electrode can be sputtered in the plasma
releasing the material it consists of.
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2.2 Hollow Cathode

Basically the hollow cathode is designed as a cylindrical tube much longer
than its diameter. This needs to be fulfill because the cathode sheath is con-
fined to a narrow layer between the cathode cylinder and the slightly smaller
plasma cylinder[4]. Compared to parallel plate glow discharges with similar
dimensions and gas pressure, hollow cathode discharges have lower break-
down voltages and operate at lower voltages for the same current density .
Enhanced discharge efficiency is due to the fast electrons which are confined
in the potential minimum inside the cathode cavity. When negative glow
regions facing the opposite cathode surfaces overlap, “hollow cathode effect”
appears. Hollow cathode effect is very specific feature of the hollow cathode
discharges.

The hollow cathode effect is basically a pendulum effect. Electrons in the
hollow cathode cavity can move from one side to another. Thus they get
accelerated in the cathode sheaths. When ionization occurs in the cathode
sheath the new electrons are accelerated in the intense sheath field causing
more ionization and more electrons. If a substantial fraction of ionization
occurs in the sheaths the electrons produced in the sheaths will cause the
discharge current to increase exponentially [5].

In this setup a cylindrical hollow cathode is used. Its inner walls are
made out of cooper. The cathode has an inner diameter of 5 mm, an outer
diameter of 12 mm and a length of 50 mm. Through the cathode there is
a flow of Ar gas which gets ionized by the fast electrons. The ionized Ar
atoms get accelerated by the electric field and thus they sputter Cu atoms
from the cathode. At the used pressure, around 1 Torr, the mean free path
is around 0.5 mm. The sputtered atoms get thermalized by collisions with
the sputtering gas and follow the gas flow.

2.3 Magnetic Field

The magnetic phenomenon has been study for a long time. For example the
invention of the marine compass. Building a theory for the magnetic field is
not straightforward. The basic reason for that is the lack of free magnetic
charges. One way to study the magnetic field is by using a magnetic dipole.
In the presence of magnetic materials the dipole tends to align itself in the
direction of the magnetic flux density B. The magnitude of the magnetic flux
density can be defined using

N = µ×B (2.4)
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where N is the torque exerted on the magnetic dipole and µ is the magnetic
moment of the dipole.

Magnetic field can be produced by moving electric charges or by time-
varying electric field. If J is the current density and ρ is the charge density,
they have to obey the conversation law

∂ρ

∂t
+5 · J = 0 (2.5)

and for magneto-static phenomenon 5 · J = 0.
A long straight wire carrying current J produces magnetic induction B

with magnitude given by the Biot-Savart law

B =
JR

c

∫
dl

(R2 + l2)3/2
=

2J

cR
(2.6)

where R is the distance from the observation point to the wire and c is
the speed of light. The lines of the magnetic field, produced produced by a
wire, are concentric circles around the wire.

2.4 Helmholtz Coil

A Helmholtz coil is a device that produce fairly uniform magnetic field.The
Helmholtz coil consists of two parallel circular conductors with the same ra-
dius. Each coil carries current I in the same direction. In an ideal Helmholtz
configuration the distance between the coils is equal to their radius. Thus
the non-uniformity of the field at the center of the coils is minimized. A
picture of the Helmholtz coil can be see on figure 2.1.

Figure 2.1: Schematic drawing of Helmholtz coil.

The magnetic flux density B at the midpoint of the Helmholtz configura-
tion (between the coils) is given by the formula

B = (
4

5
)3/2

µ0NI

R
, (2.7)

7



where N is the number of turns in each coil and µ0 is the permeability of free
space.

2.5 Particle Drift

The equation of motion of a charged particle in static magnetic field is govern
by the Lorentz force

m
d~v

dt
= q~v × ~B, (2.8)

where m denotes the mass of the particle, q is the electric charge, ~v is the
velocity, and ~B the magnetic flux density. The equation of the Lorenz force
has nontrivial solution when ~v⊥ ~B. Thus the Lorenz force acts perpendicular
to the direction of the motion , which means that the acceleration d2vx

dt2
does

not affect the magnitude of the velocity but only its direction. If we assume
~B = îzB, than

v2vx
dt2

= −(
qB

m
)2vx = −ω2

cvx (2.9)

where ωc = qB
m

is called gyration. The gyration is the frequency at which
a particle gyrate,in circular orbit, around the lines of the magnetic field. The
radius of that orbit is called gyro radius rc.

The particle’s guiding center moves along Bz with velocity velocity vz.
The motion of the particle in the (x,y) plane can be understood through the
equation that inward Lorentz force to the outward centrifugal force

qv⊥B =
mv2⊥
rc

(2.10)

which yields circular motion with radius rc. From equation 2.10 we can
derive the gyro-radius

rc =
mv⊥
qB

(2.11)

Positive charges gyrate around the magnetic field lines according to the left-
hand rule, and negative charges gyrate following the right-hand rule.

The gyro radios rc of the electrons has to be smaller than the collision
mean free path λ. Our instrument to do that is the magnetic field. We can
adjust the value of the magnetic field so that λ > rc.

2.6 Nanoparticles

Materials that scale less than 100 nm in three dimensions are considered
to be called nanoparticles. Nanowires and nonotubes are nanoscaled in two
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dimensions and those materials with only one dimension in the nonoscale are
layers, such as a thin films or surface coatings. Also nanocrystalline materials,
made of nanometre-sized grains, are assigned to nanoscale materials.

The physical properties of the nanoparticles can be different from the
properties of the bulk material. It is due to the increased relative surface area
(or surface-area-to-volume-ratio), and quantum effects. When particles are
getting smaller the surface-area-to-volume-ratio increases. The high surface-
area-to-volume-ratio leads to increasing dominance of the behavior of the
atoms on the surface of the particles over that of those in the interior of
the particle [1]. Since chemical reactions occur on the surface, the nanoscale
materials are much more effective than the same mass of bulk material. For
example catalytic chemical reaction or catalysis enhancement.

When nanoparticles become small enough (for example quantum dots),
they cannot confine their electrons and often produce quantum effects. This
happens because the free electron surounding the quantum dot behave like
bounded by an ”artificial atom” and they occupy certain permited energy
states. For example when nanoparticles have dimensions below the critical
wavelength of light which makes them transparent [1]. This is used in some
sunscreens, titanium dioxide and zinc oxide are used to absorb and reflect
ultraviolet rays and yet are transparent to visible light.

The properties of the nanoparticles depend strongly on their size. Thus it
is important to create a method that will produce particles with predefined
size.

2.7 Applications

Nanoparticles have attracted extensive scientific and industrial interest due
to their unique electronic, optical, and catalytic properties. In this section
a brief description of nanoparticles’ application is presented. Since the topic
of this thesis is copper nanoparticles, the focus will be on metal and more
precisely copper nanoparticles.

Metal nanoparticles can be added to liquids in order to enhance their ther-
mal performance. Such properties as thermal conductivity, viscosity, specific
heat, and density can be addressed with metal nanoparticles. Fluids such as
air, water, ethylene glycol, and mineral oils are typically used as heat transfer
media in applications such as power generation, chemical production, auto-
mobiles, computing processes, air conditioning, and refrigeration. However,
their heat transfer capability is limited by their low thermal conductivity.
By adding metal nanoparticles to the fluids the, thermal conductivity can
be increased. Fluids with added nanoparticles are called nanofluids. One
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explanation of the better thermal conductivity of nanofluids, compared to
ordinary fluids, is connected to the extremely high surface to volume ratio of
the nanoparticles. Since the heat transfer takes place at the surface of the
particles, high surface to volume ratio is desired. Studies of thermal conduc-
tivity and viscosity of ethylene glycol nanofluid with chemically synthesized
cooper nanoparticles (size 200 nm) show that the thermal conductivity en-
hancement is almost twice of that predicted by the Maxwell model. The
viscosity increase was almost four times of that predicted by the Einstein
law of viscosity [8]. Nanofluids with less than 1 vol % of cooper nanopar-
ticles with a diameter less than 10 nm have shown to have increased their
thermal conductivity with 40 % [9].

Another use of nanoparticles is in catalyst. Metal nanoparticles offer
higher catalytic efficiency per gram than larger materials because of their
large surface-to-volume ratios [10]. The integration of metal nanoparticles
into films is particularly important for various applications such as in bi-
ological sensing and in the preparation of optoelectronic nanodevice [12].
Furthermore, copper nanoparticles can be used to reduce levels of nitrate in
water [11].

Using nanoparticles in electrical conductive adhesive has great future po-
tential due to the higher free surface area of the nanoparticles compared
with micron particles that provide more electron transmitting/conducting
points [13]. Hence, with incorporation of metal nanoparticle, less particles
are needed in order to achieve the same performance.Silver with its conduc-
tivity 63.01×106 S/m is the best choice for electrical conductive adhesive but
due to its high price there is a need of substitute. An alternative of silver is
copper, which has almost the same conductivity (59.6 ×106 S/m) as silver
but much lower price.

One very promising area where nanoparticles can be used is the produc-
tion of plasmonic solar cells. Thin-film cells are made from a thin semicon-
ducting layer (1-2 µm thick) – usually of amorphous or polycrystalline silicon,
cadmium telluride or copper indium diselenide – deposited on a cheap glass,
plastic or stainless steel substrate. The key here is the thickness, plasmonic
solar cells are 1-2 µm thick, while the wafer silicon cells are 200 µm thick.
Thus plasmonic solar cells use less material which makes them much cheaper
than ordinary wafer cells.The plasmonic properties of copper nanoparticles
make them suitable as a replacement of the more expensive silver and gold.
Studies have shown that copper nanoparticles have an intense and narrow
local surface palsmon resonance peak that is comparable to silver and gold
nanoparticles of the same geometry [14].

Copper nanoparticles can also be used as antimicrobial, improvement of
wear resistance and temperature sensors. These and many others fields of
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nanoparticle applications make them desired as building blocks of a new
industry.

2.8 Nanoparticle Fabrication

Nanoparticle fabrication technique can be roughly divided into two methods:
”top-down” and ”bottom-up”. The top-down method is based on micro-
miniaturization technology or in other words this method involves division
of a massive solid into smaller portions. This approach usually involves
chemical methods, griding, milling or attrition, and volatilization of a solid.
The top-down method is based on assembling nanoparticles from smaller
parts i.e. condensation of atoms or molecular entities in a gas phase or in a
solution.

In order to create a nanoparticle via bottom-up method one needs to
introduce (dragged out) dust from the desired material into the plasma vol-
ume. In this project sputtered cooper atoms participate in series of chemical
reactions and they form macromolecules and small clusters. The process of
this transformation is called nucleation(1). Nucleation generally leads to the
formation of particles of 0.2 nm in size [7] which have only a few elementary
charges. The process may also refer to condensation or gas phase polymer-
ization. When enough clusters are formed, nanoparticle formation process
may further continue with coagulation. Coagulation is defined as the process
in which particles collide to form a larger particle. When the particle grows
during the coagulation process it collects more and more negative charges
which restrain further growth due to Coulomb repulsion. After the coagu-
lation phase, particle growth continues through agglomeration - process of
surface growth. Surface growth proceeds as plasma radicals begin sticking to
the existing particles. The agglomeration process continues till the particle
grows in size that gravitational force dominates and the particle fall out of
the plasma. We can distinguish soft and hard agglomerates [15]. Soft ag-
glomerates are bond by Van der Waals forces, whereas hard agglomerates
are sintered. Hard agglomerates cannot be separated thus they need to be
avoided. To obtain soft agglomerates one needs to reduce the temperature
after synthesis as rapidly as possible.

2.9 Forces acting on Nanoparticles

Forces acting on nanoparticles in plasma discharges are gravity, electric field
force, ion drag force, thermophoretic force and neutral drag force.
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The gravitational force is Fg = V ρg, where V is the volume of a particle,
ρ is the mass density and g is the gravitational acceleration. The influence
of the gravitational force scales with the particle volume. The force starts to
dominate after a particle grows to be in the micrometer range.

The electric field force acts on charged particles. When nanoparticles in
plasma grow they become more electrically charged and more susceptible to
the influence of the electric field force. In the plasma volume, due to quasi-
neutrality, only small electric fields exist. On the other hand in the plasma
sheaths, strong electric fields prevail that exert an electric field force that is
large enough to levitate large micron sized grains against gravity[6].

Motion of the background neutral gas atoms and molecules gives rise to
the neutral drag force. The neutral drag, FN force is given approximately
by FN = NmNv

2
relπr

2, where N is the neutral density, mN is the mass of the
neutral atoms (or molecules), vrel is the average relative velocity between the
neutrals and the dust particles. If the dust particle is drifting, this force is
in the direction apposite to its motion, resulting in a damping force on the
dust particles[7]. On the contrary, whenever there is a flow of neutral gas,
there is transfer of momentum to the dust particles in the direction of the
neutral flow.

The ion drag force, Fi is a drag force due to the flowing ions. It consists
of two parts the collection force, Fc and the orbit force, Fo Fi = Fc+Fo. The
collection force is due to ions directly hitting the dust particles. Each ion
transfers its momentum so the collection force is Fc = minivivsπr

2(1− 2eφfl
miv2s

),
where ni is the ion density, mi the ion mass, vi is the ion drift velocity, vs the
mean velocity of ions approaching the dust particle and φfl is the floating
potential. The orbit force is due to Coloumb scattering of the ions in the
electric field of the dust particle. It can be written as Fo = miniviVs4πb

2Γ,
where b is the impact parameter for 900 deflections and Γ is the Coloumb
logarithm.

The thermophoretic force, Fth occurs if there is a temperature gradient
in the neutral gas in the plasma. The direction of the force is opposite to
that of the temperature gradient. Approximately the thermophoretic force
is given by Fth = 16

√
π

15
r2KT

vth
5 Tn, where vth is the thermal velocity of the

neutral gas, KT is the translation part of the thermal conductivity and Tn is
the temperature of the neutrals.
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Chapter 3

Methodology

We have made series of experiments in order to determine the influence of the
parameters on the productivity, and the size distribution of the grains. On
working hypothesis is that by varying the parameters we influence the plasma
and therefore we changed the environment in which the grains were growing.
Changing the growing environment we synthesized grains with different size
distributions. Our aim was to produce grains with predefined, reproducible
and narrow size distribution. We changed only one parameter at a time,
in order to determine the exact effect of each parameter. The grains were
deposited on TiO substrates and afterwards examined by scanning electron
microscopy (SEM). Thereafter we made photographs of the collected grains
and analyzed their size distribution.
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Chapter 4

Experiment Setup

This section contains a brief description of the device geometry (setup), the
working procedure, and the parameters influencing particle production.

4.1 Setup

Our experiment setup consists of a vacuum chamber (fig. 4.1(b)) pumped
by a turbo-molecular pump and a rotary vane pump as a prevacuum pump.
Pressure is measured by a hot cathode gauge (in the range 10−3 - 10−8 Torr),
a baraton capacitance manometer (around 10−4 Torr) and a pirani gauge
(∼ 5× 10−3 Torr) which is located in the prevacuum pump. In the chamber
there is a cylindrical hollow cathode made of copper with an inner radius
of 5 mm, an outer radius less than 12 mm, and a length of 50 mm. Since
the power to the cathode is rather high, the cathode is placed inside a water
cooled plastic holder.

On figure 4.1(b) one can see the vacuum chamber with magnetic coils
mounted on. The upper coil is placed at the hight of the hollow cathode
and the distance between the coils is 45 mm. Although the coils are placed
in a configuration similar to the Helmholtz coil configuration the distance
between them is less than their radius. The coils are closer to each other
because in that way the magnetic field will be stronger. The plastic holder
for the hollow cathode can be seen (on the top), as well as a window in the
lower part of the chamber. Through this window plasma can be observed.

Through the hollow cathode there is a flow of Ar gas. The gas flow is
controlled by a mass flow controller (Brooks Instrument model 5878). In
the vacuum chamber below the outflow of the hollow cathode there is a
mesh. The mesh is shaped as a cylinder with an opening at the bottom.
The mesh is made out of stainless steel web but its lid is solid. The mesh
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(a) The mesh, the anode ring and the substrate
table.

(b) The vacuum chamber.

Figure 4.1: Photographs taken of the mesh with the anode ring and the
substrate table 4.1(a) and the vacuum chamber with magnetic coils mounted
on 4.1(b).

is not electrically connected thus its potential is floating. While the plasma
discharge is running the mesh charges negatively since electrons are much
faster than ions.

Inside the mesh, below the hollow cathode, an anode ring is mounted
(see fig. 4.1(a)). A schematic of the mesh and the anode ring can be seen in
figure 4.2. The green triangle in figure 4.2 represents the light emitted from
the sputtered copper particles. We will call it the ”copper flux” or simply
the ”flux”. The anode ring is grounded and electrically isolated from the
mesh with a ceramic pipe Its height can be changed. The distance between
the lower end of the hollow cathode and the anode is denoted ZAR and is
varied in the range 15mm < ZAR < 75mm. The limitation of ZAR is due to
mechanical restrains.

The anode ring is an important subject of this report. Later on we will
focus on how its position influences grain production. We have noticed that
when experiments are run without the anode ring, plasma connects electri-
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Figure 4.2: Schematic drawing of the mesh, the anode ring and the substrate
table. Above the substrate an attraction plate as well as a funnel can be
seen.

cally, by a discharge channel, to the nearest grounded object in the chamber
which in this case is the lid of the chamber. We still could collect some grains
but the output was insufficient.

The substrates are located on a rotatable and hight adjustable stainless
steel table. The distance between the substrate table and the lid of the
chamber is Zsub. The substrates are covered with a disc of stainless steel.
There is a hole in the disc which allows only one substrate to be exposed
under the opening of the mesh.

The substrate table has six substrate holders, connected to a positive
bias in order to attract negatively charged grains. The bias is generated by a
DC power supply which is connected to each substrate with a circuit which
protects the power supply from high currents that might occur. The exposed
substrate is isolated from the table whose potential is floating. There is a
handle outside the chamber that allows a manually rotation of the table to
choose which substrate is to be exposed to deposition. Not exposed substrates
are shielded by a sheet of stainless steel.

A photograph of the substrates after deposition can be seen on figure 4.3.
It can be seen how the grains are distributed on the substrate. The light-
green color indicates the presence of copper nanoparticles deposited. It was
noticed a corelation between the color and the size of the obtained copper
nanoparticles. When the grains become bigger the color become darker.
Also on figure 4.3 can be seen that copper is not evenly distributed in the
substrate. The part of the substrate without deposited nanoparticles is where
the substrate is electrically connected, via a clamp, to the bias voltage. It
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is observed that the grains start to deposit from the opposite, to the clamp,
end of the substrate.

Figure 4.3: Photograph of the substrates after deposition.

The analysis of the substrates was made using scanning electron mi-
croscopy (SEM) (LEO 1550 Gemini). When there were doubts that some-
thing else than copper was deposited on the substrates, X-ray spectroscopy
(EDX) (featured in the SEM) was performed. Fortunately nothing but cop-
per were found on the substrates. Therefore results from the X-ray spec-
troscopy are not included in this report.

A picture taken with SEM of an exposed substrate can be seen on figure
4.4. We can see that the color of the substrate is not homogeneous. The
whiter, bigger crystal-like shaped spots are part of the substrate’s surface.
The copper nanoparticles are the whiter and smaller (typically 20 - 30 nm)
spherical spots. We can easily distinguish the defects of the substrate’s sur-
face from the collected nanoparticles. In the lower part of the picture a legend
box can be seen. This box gives information about the regime at which the
SEM works. In the left corner of the legend box we can see the scale used
on this SEM picture (in this case 20 µm).

The pictures taken with SEM show very small parts of the substrate -
typically less than 1µm2. We cannot use them to estimate the distribution
over the substrate nor the productivity of the grain formation. The only
conclusions that can be made from the SEM’s are about the size and the
shape of the grains. Nevertheless on each substrate are taken several SEM’s
from different part so that the conclusions about the size and the shape of the
grain can be valid for the whole substrate. We have noticed that the density
of the collected grains is rare on the edges and grows toward the center of
the substrate.
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Figure 4.4: An example of a picture taken with SEM on a part of the sub-
strate. The scale is shown in the lower left corner in all figures, here it is
20 nm. Note that the big crystal shaped spots are part of the surface of the
substrate.

4.2 Plasma Behavior

We have noticed that when the setup (discharge) is operating the excited
copper atoms and ions, coming out of the hollow cathode, form a greenish
luminous flux (see fig. 4.2 and fig. 4.5). Usually the flux length is similar
to ZAR. As said before when the discharge ignites it ”seeks” for the near-
est grounded or biased place to electrically connect. Since the anode ring
is grounded we expect that the plasma extend approximately between the
hollow cathode and the anode ring. On figure 4.5 we can also see a bluish
glow, around the greenish luminous flux, which is produced by exited argon
ions. The bluish glow extended between the hollow cathode and the anode
ring and forms a ”shell” around the green copper light of the flux of copper
atoms. The structure of the bluish argon glow seems to consists of ”bubbles”.
It has been observed that when the frequency is increased the bluish argon
glow writhe around the anode ring.

Our aim is by modifying the growth zone to influence the particle coag-
ulation process. Being able to control the coagulation process will make it
possible to regulate the size of the collected grains. We can influence the
growth zone by varying the following parameters : mesh; B-field; anode ring
position; frequency.

We assume that a single pulse of the power generator produces a plasma
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Figure 4.5: Bubbles around the anode ring.

blob. The plasma blob contains sputtered copper particles, argon ions, and
neutrals. After the plasma blob gets out of the hollow cathode it expands. To
create a favorable environment for grains coagulation we want to confine this
blob as narrow as possible. The mesh serves as a ”cage” around the plasma.
The mesh restrains plasma from expanding to the walls of the chamber.
Hence, decreasing the loses of sputtered material.

For high enough frequency there is never just a single plasma blob, they
overlap. When blobs overlap there is more matter between the hollow cath-
ode and the anode ring - the growth zone. With more material in the growing
environment grains can grow bigger. We can assure more overlapping blobs
by increasing the frequency. With higher frequency plasma blobs flow at a
higher rate from the hollow cathode and they superpose.

Thus by tuning the frequency and ZAR we can grow grains with predefined
size.

4.2.1 Plasma Behavior Under B-field Influences

We have tested to apply a magnetic field (or B-field) to the setup in order
to influence the plasma parameters in the growth zone. As we know when
the B-field is applied to the plasma, charged particles start to gyrate around
the lines of the field. The applied B-field has to be strong enough to provide
that the gyro radios rc of the electrons to be smaller than the collision mean
free path λ. To illustrate an example we take some sample data: electron
energy and cross section to be respectively W = 3 eV [16] σ = 10−19 m2.
In the chamber the pressure is approximately 1 Torr, which leads to neutral
particle density n = 1022 m−3.

For the collision mean free path we can use

λ =
1

nσ
=

1

1022 × 10−19
= 10−3 m (4.1)

therefore we need that rc < 10−3 m.
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For the velocity we can use the approximation

v ∼
√

2W

m
≈ 106 m/s (4.2)

To estimate rc we substitute equation 4.2 into the equation for the gyro
radius

rc ∼
1

B
× 10−6 m (4.3)

Hence we conclude that B & 10−3 T = 10Gauss. The average magnetic
field that we use in the current project is 200Gauss which is much higher
than the calculated magnetic field.

The discharge is complex. It consists of argon ions, copper ions, and
exited copper atoms. The argon ions glow in bluish to purple color while the
exited copper atoms glow in greenish color.

When we apply the B-field plasma visibly changes. The bluish glow writhe
around the anode ring and the ”bubbles” tend to fade. The ”writhe around”
effect of the magnetic field is similar to the effect obtained from the higher
frequency. The B-field influences the greenish luminous flux from the excited
copper atoms, as well. The flux becomes narrower and more intense.

To study if the B-field effects the geometry of the discharge, we have tried
the following experiment: The discharge is ignited.We turn on the B-field.
Afterwards we increase the frequency to a value where a plasma column
from the hollow cathode to the substrate is created. Whereas the discharge
is running we start to slightly tilting the lower coil. The plasma column then
changes its ”incident” angle in the direction of he tilt of the coil. Hence we
can conclude that the B-field indeed influences the geometry of the discharge.

4.3 Working Procedure

The chamber is pumped to a pressure around 3 × 10−6 Torr. Afterwards
the pressure inside is stabilized to be 1 Torr. Before starting the experiment
cooling water is turned on. Also substrates are biased. The bias used is 40 V
whenever another potential is used, it will be pointed out. Throughout the
experiment an Ar gas flow of 40 sccm is applied. The frequency generator is
set to the desired frequency. The deposition time is 2 min. The power gener-
ator connected to the hollow cathode is set to pulsed mode with pulse width
of 30 µsec and the voltage is adjusted so that the peak current throughout
the plasma is around 10 A. We use the same peak current because we want
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the material sputtered from the hollow cathode to be the same with every
pulse of the power generator.

Figure 4.6: The shining above the substrate.

On figure 4.6 a discharge formed above the substrate can be seen. This
discharge is induced by the combination of a bias voltage applied on the
substrate and high frequency. This phenomenon is unwanted since it prevents
the particles from sticking onto the substrate. Also when the frequency is
too high a plasma column between the hollow cathode and the substrate is
created. This can be avoided by using less bias voltage or lower frequency.

4.4 Parameters

Parameters used during this project can be divided into constant and changed
parameters. Parameters that stay constant during the project are Ar flow
rate; peak current; pulse width of the cathode voltage; pressure; deposition
time tdep; the substrate table bias voltage Vbias and the exact position of the
substrate. Parameters that we change are ZAR, frequency f , B-field and the
mesh. The mesh is either used in the setup or not. In the table bellow (see
table 4.1) the numerical values of the used parameters are given. Notice that,
even though the B-field is said to be a parameter that is changed, there is
only one value of it in table 4.1. This is because the B-field is either on or
off.

In order to change the position of the anode ring we need to open the
chamber. Thus ZAR is constant during each experiment series with varied fre-
quency. The parameter that changes during an experiment is the frequency.
In this way the rule of changing only one parameter at a time is observed.
This rule is important because as we know all parameters are connected and
they influence each other.

21



Table 4.1: Parameters that were used during the project and their values

Parameter Value

ZAR [mm] 15; 25; 35; 45; 60; 75
f [kHz] 0.25; 0.5; 0.75; 1

Zsub [mm] 230
Peak current [A] 10

Vbias [V] 40
pressure [Torr] 1

tdep[min] 2; 3
B [Gauss] 200

pulse width [µsec] 30
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Chapter 5

Results

In this part of the report the results from the experiments are presented
and analyzed. To isolate the effect of each varied parameter we divide the
results in sections. Each section has been assigned by the studied (varied)
parameter.

As said before the only output that we have from an experiment are the
substrates with collected grains on them. We can only study the size and
the shape of the grains. Therefore our goal in this part of the report is to see
how the varied parameters influence the size and the shape of the grains.

5.1 Influence of Mesh

The effect of the mesh is not completely understood. We suppose that the
mesh contributes to the confinement of the plasma. To highlight the influence
of the mesh, on figure 5.1 one can see results from experiments with (fig.
5.1(b)) and without (fig. 5.1(a)) the mesh.

Comparing 5.1(b) and 5.1(a) we can see that when the mesh is used,
collected grains are bigger than the ones obtained without the mesh. We
will propose later a possible explanation to that. Something that needs to
be mentioned here is the position of the anode ring ZAR = 20mm. We
have noticed that when there is no mesh and the anode ring position is
ZAR > 20mm we do not collect any grains. Otherwise when ZAR . 20mm
the plasma seems to be confined in such a way that grains can be collected
even without the mesh.
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(a) Particles collected without the mesh. (b) Particles collected using the mesh.

Figure 5.1: Parameters used: ZAR = 20mm and f = 0.5kHz. Grains that
are collected without the mesh (fig.5.1(a)) are smaller than grains collected
with the mesh. Note that the big crystal-shaped spots are part of the surface
of the substrate.

5.2 Influence of B-field

In this section the results that have studied the effect of the B-field are
presented. First the B-field is applied to a setup with the mesh and later the
influence of the B-field to a setup without the mesh is studied.

5.2.1 Influence of B-field with the Mesh

To investigate how the size of the collected grains is influenced by the mag-
netic field we have made series of experiments. The experiments have been
made using ZAR in three different positions: 20 mm; 45 mm; 75 mm and
three values for the frequency: 0.25 kHz ; 0.5 kHz ; 0.75 kHz. For every setup
there are two cases for the magnetic field - it is either on or off.

We have chosen to group the parameters in three sets. A brief description
of the sets follows:

G1.x The first set is marked as G1.x, where x is 0 or 1 and it indicates
whereas the magnetic field is off 0 or on 1. The parameters assigned
to G1.x are ZAR = 20mm and f = 0.25 kHz. The plasma produced
by such a combination of parameters will be figuratively called ”weak”
plasma. The mesh is used on the experiment setup.

G2.x Similarly we mark the second set as G2.x, where x is 0 or 1 and it
indicates whereas the magnetic field is off 0 or on 1. The parameters
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assigned to G2.x are ZAR = 45mm and f = 0.5 kHz. The plasma pro-
duced by such a combination of parameters will be figuratively called
”moderate” plasma. The mesh is used on the experiment setup.

G3.x Finally the third set is G3.x, where x is 0 or 1 and it indicates whereas
the magnetic field is off 0 or on 1. The parameters used are ZAR =
75mm and f = 0.75 kHz. The plasma produced by such a combination
of parameters will be figuratively called ”strong” plasma. The mesh is
used on the experiment setup.

On figure 5.2 we can see a demonstration of the results from group G1.x.
Figure 5.2(a) shows grains collected using G1.0 (ZAR = 20mm and f =
0.25 kHz without the B field) while figure 5.2(b) shows grains collected using
G1.1 (ZAR = 20mm and f = 0.25 kHz but the magnetic field is applied to
the setup).

(a) ZAR = 20mm and f = 0.25 kHz ;B-field
is off

(b) ZAR = 20mm and f = 0.25 kHz;B-field
is on

Figure 5.2: Demonstration of the B field applied to a setup with ZAR =
25mm f = 0.25 kHz. The picture shown on figure 5.2(a) is made of grains
collected without the B field, and figure 5.2(a) shows grains collected with
the B field applied. Note that the big crystal-shaped spots are part of the
surface of the substrate.

Comparing figure 5.2(a) and figure 5.2(b) we notice that when the B-field
is applied the collected grains are slightly bigger. Also using G1.1 instead
of G1.0 provides us with more tiny grains.

Our second set of parameters is G2.x (ZAR = 45mm and f = 0.5 kHz).
Figure 5.3 shows results using G2.0 in figure 5.3(a)) and G2.1 in figure
5.3(b).
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(a) ZAR = 45mm and f = 0.5 kHz; B-field
is off

(b) ZAR = 45mm and f = 0.5 kHz; B-field
is on

Figure 5.3: Demonstration of the B field applied to a setup with ZAR =
45mm f = 0.5 kHz. The picture shown on figure 5.3(a) is made of grains
collected without the B field, and figure 5.3(b) shows grains collected with
the B field applied. Note that the big crystal-shaped spots are part of the
surface of the substrate.

Comparing the two sets G2.0 and G2.1 we notice that the B field is
applied the collected grains are bigger. Similarly to G1.1, the set G2.1
provides us with more tiny grains.

Finally the results from the third set (G3.x) of parameters are presented.
On figure 5.4(a) we can see grains collected using G3.0 while figure 5.4(b)
shows grains collected using G3.1. We notice that the grains have good
spherical shape and their size is around 50 nm.
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(a) ZAR = 75mm and f = 0.75 kHz;B-field
is off

(b) ZAR = 75mm and f = 0.75 kHz;B-field
is on

Figure 5.4: Demonstration of the B field applied to a setup with ZAR =
75mm f = 0.75 kHz. The picture shown on figure 5.4(a) is made of grains
collected without the B field, and figure 5.4(b) shows grains collected with
the B field applied. Note that the big crystal-shaped spots are part of the
surface of the substrate.

Comparing figure 5.4(a) and figure 5.4(b) we cannot spot any difference
in the size and the shape of the grains. We may say that when the setup
produces ”strong” plasma, the B-field does not influences it.

To summarize, some short notes on the results in this section are given in
the table below 5.1. We can also see the used parameters and their values.
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Table 5.1: Notes on the results of the influence of the B-field.

Case B f [kHz] ZAR [mm] Results
G1.0 off 0.25 25 The grains are too small and their shape is

hard to be determined. The average size of
the grains is within 5 nm - 15.

G1.1 on 0.25 25 The grains are too small and their shape is
hard to be determined. The average size of
the grains seems to be slightly bigger than in
G1.0.

G2.0 off 0.5 45 Grains have spherical shape. The average
size of the grains is within 20 nm - 50 nm.

G2.1 on 0.5 45 Grains have spherical shape. The average
size of the grains is within 30 nm - 50 nm.
Except that there are a few tiny grains, the
smallest of the large grains are bigger than
in G2.0.

G3.0 off 0.75 75 Grains have spherical shape. The size distri-
bution is within 40 nm - 60 nm .

G3.1 on 0.75 75 Grains have spherical shape. The size distri-
bution is within 40 nm - 60 nm. There are
no significant differences between case G3.0
and G3.1.

5.2.2 Influence of B-field without the Mesh

To isolate the effect of the B-field itself, we have made experiments without
the mesh but with the B-field. Results can be seen on figure 5.5 and figure
5.6. The grains shown on figure 5.5 are collected using ZAR=40 and f=0.5
kHz. We can see that the grains are very small (size less than 10 nm) but
they still exist. Whereas without the B-field and without the mesh we do
not collect any grains using this setup.
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Figure 5.5: Grains collected without using the mesh and with the B-field.
The anode ring position is ZAR=40 mm and the frequency used is f=0.5
kHz. Note that the big crystal-shaped spots are part of the surface of the
substrate.

We use the same setup as figure 5.5 (the B-field is on) but the frequency is
f=0.25 kHz. The results can be seen on figure 5.6. Comparing figure 5.6 and
figure 5.5 we notice that the grains obtained (without the mesh but with the
B-field) with f=0.25 kHz are much smaller than those obtained with f=0.5
kHz.

Figure 5.6: Grains collected without using the mesh and with the B-field.
The anode ring position is ZAR=40 mm and the frequency used is f=0.25
kHz. Note that the big crystal-shaped spots are part of the surface of the
substrate.

We notice that the collected grains are rare when we apply the B-field to
a setup without the mesh.
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5.3 Influence of ZAR

This section contains results from experiments where we have studied the
influence of ZAR. We investigate the influence of the anode ring by series
of experiments using different values of ZAR. More particularly there four
values of ZAR: 15 mm; 25 mm; 45 mm; 75 mm. We chose to present the
results with fixed value of the frequency 0.5 kHz. Later we will see how the
different values of the frequency influence the collected grains.

To begin with the smallest value of ZAR = 15mm. On figure 5.7 we can
see grains collected by using a setup with the mesh and ZAR = 15mm, and
f = 0.5 kHz. Also the grains shown in figure 5.7 are obtained without the
B-field. We noticed that the shape of the grains is irregular and the average
size is bellow 10 nm.

Figure 5.7: Demonstration of grains obtained using a setup with parameters:
ZAR = 15mm, and f = 0.5 kHz. The shape of the grains is irregular and
the average size is below 10 nm. Note that the big crystal-shaped spots are
part of the surface of the substrate.

On figure 5.8 we can see grains collected by using a setup with the mesh
and ZAR = 25mm, and f = 0.5 kHz. Also the grains shown in figure 5.8
are obtained without the B-field. We noticed that the shape of the grains is
irregular and the average size is bellow 25 nm.
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Figure 5.8: Demonstration of grains obtained by using a setup with param-
eters: ZAR = 25mm, and f = 0.5 kHz. The shape of the grains is irregular
and the average size is below 25 nm. Note that the big crystal-shaped spots
are part of the surface of the substrate.

Comparing figure 5.8 and figure 5.7 we can say that the grains shown
on figure 5.8 are a bit bigger than those shown in figure 5.7. In order to
decide which grains are bigger we have analyzed the pictures and have made
size distributions of them. The size distribution of the grains collected using
ZAR = 15mm is shown in figure 5.9(a) while the grains collected using
ZAR = 25mm is shown in figure 5.9(b).
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(a) Size distribution for
ZAR = 15mm, and
f = 0.5 kHz

(b) Size distribution for
ZAR = 25mm, and
f = 0.5 kHz

Figure 5.9: Size distribution of the grains collected by using ZAR = 15mm
in figure 5.9(a) and ZAR = 25mm in figure 5.9(b). The average size shown
on figure 5.9(b) is bigger than the average size shown on figure 5.9(a).

Observing both figures 5.9(b) and 5.9(b), we can see that the average size
of the collected grains in 5.9(b) is bigger than in 5.9(b).

We continue with ZAR = 45mm. An example of the grains collected by
using a setup with ZAR = 45mm, and f = 0.5 kHz is shown in figure 5.10.
Notice that the scale used on figure 5.10 is 100 nm while the scale used on
figure 5.7 and figure 5.8 is 20 nm.

32



Figure 5.10: Demonstration of grains obtained by using a setup with param-
eters: ZAR = 45mm and f = 0.5 kHz. The shape of the grains is nearly
spherical and the average size is below 30 nm. Note that the big crystal-
shaped spots are part of the surface of the substrate.

Looking at figure 5.10 we may say that the shape is spherical. Also the
average size of the collected grains is bellow 30 nm.

We pull the anode ring to its lowest possible position - ZAR = 75mm.
The grains collected using a setup with ZAR = 75mm and f = 0.5 kHz are
shown in figure 5.11 .

Figure 5.11: Demonstration of grains obtained by using a setup with param-
eters: ZAR = 75mm and f = 0.5 kHz. The shape of the grains is spherical
and the average size is below 40 nm.Note that the big crystal-shaped spots
are part of the surface of the substrate.

We can see that there is no big difference between the average size of the
grains shown in figure 5.10 and figure 5.11. Also the shape of the grains is
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similar in the two figures.

(a) ZAR = 45mm and f =
0.5 kHz;B-field is off

(b) ZAR = 75mm and f =
0.5 kHz;B-field is off

Figure 5.12: Size distribution of the grains collected by using ZAR = 45mm
in figure 5.12(a) and ZAR = 75mm in figure 5.12(b). The frequency used in
the two figures is 0.5 kHz. The average size shown in figure 5.12(b) is bigger
than the average size shown on figure 5.12(a).

On figure 5.12 we can see the size distributions of the grains collected by
using: ZAR = 45mm in figure 5.12(a) and ZAR = 75mm in figure 5.12(b).
We notice that when ZAR is lower the size distribution enlarges.

5.4 Influence of Frequency

In this section the influence of the frequency on the size of the grains is
studied.

On figure 5.13(a) and figure 5.13(b) one can see grains collected by using
0.5 kHz and 0.75 kHz respectively, ZAR = 45mm for both figures. Since
here we study only the effect of the frequency, the B-field is switched off and
the mesh is used.
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(a) ZAR = 45mm and f = 0.5 kHz;B-field
is off

(b) ZAR = 45mm and f = 0.75 kHz;B-field
is off

Figure 5.13: Demonstration of the grains collected by two different frequen-
cies: figure 5.13(a) shows grains collected by using f = 0.5 kHz and the
grains in figure 5.13(b) are collected by using f = 0.75 kHz. The position
of the anode ring in the two figures is ZAR = 45mm. Note that the crystal
shaped spots are part of the surface of the substrate.

Comparing figure 5.13(a) and figure 5.13(b) we notice that when the
frequency is increased the size of the collected grains enlarges. We can see,
the size distribution of the grains shown in figure 5.13, in figure 5.14. We
notice that the size of the grains collected by using higher frequency is bigger
than the size of the grains collected by using lower frequency.
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(a) Size distribution for
ZAR = 45mm, and
f = 0.5 kHz

(b) Size distribution for
ZAR = 45mm, and
f = 0.75 kHz

Figure 5.14: Size distribution of the grains collected by using ZAR = 45mm.
In figure 5.14(a) f = 0.5 kHz and in figure 5.14(b) f = 0.5 kHz. The average
size shown in figure 5.14(b) is bigger than the average size shown on figure
5.14(a).

To see another example of the influence of the frequency on the size of
the collected we look at figure 5.15. On this figure grains are collected by
using ZAR = 60mm. More precisely figure 5.15(a) shows particles obtained
with f = 0.25 kHz and f = 0.5 kHz in figure 5.15(b). Here again the B-field
is off and the mesh is used.
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(a) ZAR = 45mm and f = 0.5 kHz;B-field
is off

(b) ZAR = 45mm and f = 0.5 kHz;B-field
is off

Figure 5.15: Demonstration of the grains collected by two different frequen-
cies: figure 5.15(a) shows grains collected by using f = 0.5 kHz and the
grains in figure 5.15(b) are collected by using f = 0.75 kHz. The position
of the anode ring in the two figures is ZAR = 45mm. Note that the crystal
shaped spots are part of the surface of the substrate.

Comparing figure 5.15(a) and figure 5.15 we notice the same trend as in
figure 5.13 - the size of the collected grains enlarges when the frequency is
increased. Here (see figure 5.16) again a size distribution of the figures shown
in 5.15 is presented.
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(a) Size distribution for
ZAR = 60mm, and
f = 0.25 kHz

(b) Size distribution for ZAR =
60mm, and f = 0.5 kHz

Figure 5.16: Size distribution of the grains collected by using ZAR = 60mm.
In figure 5.16(a) f = 0.25 kHz and in figure 5.16(b) f = 0.5 kHz. The
average size shown in figure 5.16(b) is bigger than the average size shown on
figure 5.16(a).
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Chapter 6

Conclusions and Discussion

To begin with the productivity of the setup. The only mechanism to in-
vestigate the productivity is the observation of the substrates with collected
grains on them. Therefore our conclusions will be based on them.

We have seen that when the setup is run without the mesh and with no
B-field applied we do not collect any grains. Afterwards when we apply the
B-field to a setup without the mesh we collect grains. The grains collected
by using a no-mesh setup but with the B-field applied, are very small and
their quantity is not sufficient. On the other hand when we have a setup with
the mesh and no B-field applied the amount of the grains collected on the
substrates is more than adequate. Furthermore when the B-field is applied
to the setup with the mesh the productivity slightly rises.

The anode ring also influences the productivity of the setup. We have
made experiments without the ring and we have come to a chancy output.
More precisely when the setup is run without the anode ring the amount of
the collected grains is never repeatable or in any way sufficient. We have
decided to use the anode ring in all experiments.

Next step in our summary concerns the influence of the parameters on
the size distribution of the grains. The two parameters that mostly influence
the size distribution of the grains are: the anode ring position - ZAR and
the frequency - f. The values that we have most often used for ZAR are: 15
mm; 25 mm; 45 mm; 60 mm; 75 mm and for f : 0.25 kHz; 0.5 kHz; 0.75
kHz. We have noticed that when the ZAR is increased the size of the collected
grains increases too. Similar effect has been observed with the increase of the
frequency. In one way we can assume that the frequency boost the effect of
the ZAR. Unfortunately there are not enough proofs that we can claim that.
So in conclusion large ZAR and high frequency lead to bigger grains and vice
versa small ZAR and low frequency supply us with small grains. We can see
that illustrated in figure 6.1. Figure 6.1 is an illustration of the grains growth
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with the increase of the parameters.

Figure 6.1: The dependence of the size of the grains from the anode ring
position ZAR and the frequency. The dots represent the size of the grains.
Each group of dots shows a parameter combination where grains collected
by using the prescribed parameters (ZAR and f) have been analyzed. Note
that this figure is not an exact dots representation.

We want to explain the relationship between the size distribution of the
grains and the parameters. In order to do that we have to investigate the
influence of the parameters on the plasma. The plasma acts as a growing
environment for the grains. We believe that when a parameter is changed it
influences the plasma, which results in the size distribution of the grains.

The mesh serves as a ”cage” for the plasma. It confines the plasma from
diffusing to the walls of the chamber.

We have seen that the B-field is strong enough to confine the electrons
so that they start to gyrate around the magnetic field lines. Furthermore we
know that the B-field can direct the plasma. From the observations made
on the plasma column with the B-field applied we know that the plasma
column changes its angle of incident when a coil is tilted. We know that the
magnetic field confines the electrons. Also in the results section Influence of
B-field with the Mesh we have seen that when the B-field is applied we collect
tiny grains along with the big grains. One explanation could be that the B-
field forces the the smallest grains towards the substrate. Unfortunately we
cannot say which grains arrive to the substrate first.

When the plasma is ignited it seeks the nearest grounded place to connect
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electrically. For example the plasma connects electrically to the lid of the
chamber. On the other hand when the applied power is high enough we
noticed that the plasma connects electrically to the substrate. Thus we
observe a plasma column. We have introduced a grounded stainless steel
ring bellow the hollow cathode - the anode ring. We have noticed that the
plasma connects electrically to the anode ring, thus forming a glow between
the hollow cathode and the anode ring. The anode ring restrains the plasma
nearer to the hollow cathode. Thus forming a volume where the plasma is
concentrated.

When the frequency is increased the time averaged density of the particles
in the plasma rises. We have seen that with higher frequency the intensity
of the plasma glowing increases. Therefore when the frequency is increased
the temperature rises.

We believe that the nucleation process starts when sputtered copper
atoms and ions flow out of the hollow cathode. While the copper parti-
cles are guided towards the substrate they coagulate. The coagulation takes
place between the hollow cathode and the substrate. Our aim is to provide
favorable coagulation environment by creating a volume of plasma, which
we call growth zone. In the growth zone the particles (electrons, argon and
copper ions, and neutrals) density and the temperature are most intense.

We assume that the growth zone is limited between the hollow cathode
and the anode ring. Lowering the anode ring we provide more space for
grains to coagulate and thus they spend more time in the growth zone. Vice
versa when the anode ring is nearer to the hollow cathode, grains spend less
time in the growth zone. We have studied the Influence of ZAR and from the
results we conclude that large values of ZAR have two effects on the growth
zone: bigger volume for high temperature plasma; higher ions density. This
is consistent with the results that the size of the collected grains enlarges
with the increase of ZAR.

As we know each pulse generated by the power generator produces a
plasma blob [16]. In this project we have used the same peak current (10 A)
on every pulse. Thus we assume that each blob contains the same amount of
sputtered particles (electrons, copper ions, and neutrals). When we increase
the frequency the blobs start to overlap in the growth zone. This increases the
particle density in the growth zone. Also with the frequency the temperature
rises in the growth zone (at least as a time average). Higher ions density and
higher temperature are factors that favor the growth of the grains. This is
consistent with the observations that when the frequency is increased the
size of the grains enlarges.

We have seen that we can effectively influence the size distribution of
the grains varying the frequency and the anode ring position. Also from
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the results we know that the mesh is irreplaceable in the setup. The B-field
confines the plasma poorly.

We can say that we have achieved our goals. The productivity of the
setup seems to be sufficient for commercial applications. We can effectively
influence the size distribution of the grains. We collect grains with narrow
size distribution when the anode ring is in its highest and lowest positions.
In other words the setup produces effectively tiny (5nm < n < 15nm) and
either big (around 50nm) grains. When the anode ring is in its middle
position we still collect grains with predefined size but the size distribution
is not so narrow as high and low anode ring positions.

In the future prospective we aim to deposit grains on non-conducting sub-
strates. Another plan for the future would be to obtain grains with narrower
size distributions for grains with medium size.
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