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Abstract

Aoife Somers
Study of magnetized radio-frequency sheaths using kinetic

simulations

Plasma sheaths are present wherever a plasma interacts with a surface.
In many practical situations, such as in nuclear fusion devices, the sheath
is interspersed with an external magnetic field that intersects the surface at
some angle. This thesis focuses on the behaviour of magnetized RF sheaths
in an RF-CCP discharge since similar RF processes occur near RF antennas
in fusion devices. Sheaths represent one of the oldest problems in plasma
physics. While there is an abundance of research on sheaths, it is mainly
focused on the un-magnetized case or that with a transverse magnetic field.
There is less research on the behaviour of sheaths in oblique magnetic fields.
RF sheaths are thought to be the cause of numerous, unwanted, deleterious
interactions in tokamaks, thereby limiting the performance of RF antennas.
Understanding their behaviour is crucial for nuclear fusion research while
also having applications in the plasma processing industry where magnetic

fields are often employed to enhance reactor performance. The sheath influ-

xvi



ences particle and energy fluxes to the surface and can ultimately affect the
behaviour of the overall plasma. As a whole, knowledge of sheaths is vital
to the understanding of plasma-surface interactions. We used a 1d3v elec-
trostatic particle-in-cell (PIC) code, MagPIC, developed at DCU, to conduct
our research. A kinetic study of the sheath is essential in order to capture the
small scale kinetic and non-local effects. We have found a magnetized elec-
tron series resonance(MESR) can be induced in the presence of an oblique
magnetic field. The occurrence of such a resonance is sensitive to the mag-
netic field angle and occurs only for an extremely narrow range of angles.
We have demonstrated that during resonance the ion flux and energy can
become decoupled. Upon optimization of parameters, this may provide an
alternative method to realise independent control of ion properties, which
may lead to applications in plasma processing. We also investigated the ap-
plicability of simple sheath models in describing the magnetized situation.
From a comparison of our simulation results with a simple RF sheath model
that ignores the magnetic field, it was found that such simple models can offer
an adequate description of the magnetized situation for an oblique magnetic
field. A brief comparison between 1D simulations and experimental results
provided by the group in the Institute of Plasma Research (IPR), Gandhi-
nagar, Gujarat, India was also considered. From which we recommend a 2D

investigation is needed.
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CHAPTER 1

Introduction

1.1 Energy demand and Nuclear fusion

It is estimated that over the next 50 years, the global demand for energy may
double in countries such as China and India, which means increasing amounts
of power will be needed. Maintaining a reliable and secure energy supply is
essential for humankind, and this is where nuclear fusion power can play
an essential role and become a significant contributor to the world’s energy
supply. Nuclear fusion is the process that powers the Sun and the stars. It is
the process in which two light nuclei fuse to form a heavier nucleus, which has
less mass than the initial two; the missing mass is released as energy. It is this
release of energy that makes it appealing as a carbon-free energy source|7].
The Sun burns Hydrogen at around 15 million degrees and confines its plasma

with its gravitational field. Trying to re-create similar conditions here on
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Earth is difficult. The temperature in a fusion reactor needs to be around
100 million degrees, and its plasma must be confined with strong magnetic
fields. The ultimate goal in nuclear fusion research is to have a fusion power
plant that will use the energy released during fusion reactions to produce
steam and then generate electricity by way of turbines and generators, just
like a conventional power plant[8]. The advantages of nuclear fusion power
include having a carbon-free energy source, no long-lived radioactive waste,
and an almost unlimited supply of fuel on Earth. A huge step in realising
this goal is the International Thermonuclear Experimental Reactor (ITER).
ITER is a worldwide scientific experiment involving China, the European
Union, India, Japan, Korea, Russia, and the United States, all collaborating
to build the world’s largest nuclear fusion device - a tokamak - in Cadarache,
France. A tokamak is a torus-shaped device that uses powerful magnetic
fields to confine the plasma in order to reach thermonuclear temperatures.
The main goal of ITER is to confirm the feasibility of nuclear fusion as a
power source and provide the physics basis for the design of a future nuclear

fusion power plant DEMOI9].
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Blanket

Figure 1.1: Schematic layout of the ITER Tokamak showing inner compo-

nents of the device[l].

ITER

D =124 m D= 13-19 m

V = 200 In“!: V = 1O00-3500 III:!

Q) = 10 Q = 25

P = 500 MW,, P 2 2000-4000 MW,

Figure 1.2: Comparison of ITER and DEMO.[1].
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1.2 Radio-frequency heating in fusion research

Initial heating of fusion plasmas is provided by Ohmic heating. However, as
the plasma temperature rises, the plasma resistivity decreases as TE?’/ % and
the role of ohmic heating becomes less important. As a result, additional
methods of heating are required to reach thermonuclear conditions. One such
method is Ion Cyclotron Resonance Heating (ICRH). It is one of the main
auxiliary heating methods used in present-day tokamaks and is also envisaged
for both ITER and DEMO[10][11]. The concept of ICRH is based on trans-
ferring power from an external antenna to the plasma by launching waves
with a frequency that matches the cyclotron frequency, or harmonics, of ions
in the plasma, that then allows for collision-less resonant heating of the ions.
While ICRH has proven to be effective for plasma heating, the operation of
this heating system can lead to the formation of RF sheaths at the antenna.
These sheaths are thought to be the cause of numerous, unwanted, deleterious
interactions that have been noted on various machines such as erosion, sput-
tering, hot spot formation, and impurity generation[12][13][14][15]. These
effects can reduce the heating efficiency, degrade the quality of the plasma,
and can cause damage to the antenna itself thereby setting operational limits
for the heating system. These sheaths control the flux and energy of parti-
cles to the boundary surface and are interspersed with a magnetic field that
intersects the edge components at an oblique angle. Therefore they play an
integral role in plasma-surface interactions, not only in fusion devices but in
many other practical situations. Hence, the behaviour of magnetized plasma
sheaths is the focus of this thesis. The following sections provide an intro-
duction to relevant plasma theory, i.e., various plasma parameters that are

commonly used to define characteristics of a plasma.
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The term “plasma” was first coined by Irving Langmuir from his study of
ionized gases in 1927. “We shall use the name plasma to describe this region
containing balanced charges of ions and electrons”[16]. A plasma can be
defined as a collection of free, charged and neutral particles, and can be
considered the fourth state of matter. Plasma occurs naturally on Earth in
the form of lightning as well as the Aurora Borealis. Our Sun and the stars are
composed of plasma along with the majority of the visible Universe[17]. Since
a plasma consists of charged particles it is strongly influenced by electric and
magnetic fields while also being a good conductor. A plasma is an ionized gas,
however, not all ionized gases can be classified as plasmas, certain criteria

need to be satisfied:

1. The Debye length is small compared to the physical size of the plasma,

ie., A\p << L
2. Np>>1

3. wefw, >>1

where A\p is the Debye length (defined in Section 1.3.2) , L is the dimension of
plasma, Np is the number of particles in the Debye sphere, w,, is the plasma
frequency and w, is the electron-neutral collision frequency[18]. The appli-
cation of plasmas can be found in many areas including industry, medicine,

space exploration and fusion research [19] [20] [21].
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1.3.1 Quasi-neutrality

As a plasma is composed of charged particles it is highly conductive and can
be influenced by electromagnetic fields. A definitive property of a plasma
is the ability to maintain relatively equal ion and electron densities, n.~n;,
which is known as quasi-neutrality. Due to this property a plasma can be

regarded as electrically neutral.

1.3.2 Debye Length

The Debye length, Ap, is an important property for the description of a
plasma. In order to maintain quasi-neutrality, plasmas are capable of shield-
ing an electric field that has been introduced to the plasma. This ability to
reduce electric fields is known as Debye shielding, it is also an example of the
collective behaviour of plasmas|[22]. The distance over which this shielding
occurs is called the Debye length, which is essentially the maximum distance

over which a plasma can deviate from charge neutrality.
cokpT:
Ap = 1.1
D=\ (1.1)

where ¢ is the permittivity of free space, kp is the Boltzmann constant, T,

is the electron temperature, n. is the electron density and e is the electric

charge.

1.3.3 Plasma frequency

When the electrons in a plasma are perturbed from a uniform background
of ions, electric fields begin to build up in an attempt to restore neutral-

ity. This results in the electrons being drawn back to their original positions
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but due to their inertia, they overshoot and oscillate about their equilibrium
positions[23]. The frequency of this oscillation is known as the plasma fre-
quency, wy,. Each species has its own frequency but in general when one
mentions plasma frequency it refers to the electron plasma frequency, which

is the most fundamental time-scale in plasma physics.

nge?

(1.2)

W, =
P €0Mle

where ng = n, = n; is the plasma density and m, is the electron mass.

1.3.4 Plasma Potential

The plasma potential, ¢,, can be defined as the average potential in the space
between charged particles, also called the space potential. In a quasi-neutral
plasma the plasma potential is constant since the ion and electron densities
are almost equal. However, if an electrode is introduced into the plasma,
the ions and electrons interact through repulsions and attractions and its
potential will be less than the plasma potential due to the development of a

Debye sheath[24].

1.3.5 Collision Frequency

The collision frequency describes the rate of collisions between two particles
in a given volume, per unit time. In particular, electron-neutral collisions
are the most representative physical phenomena of a plasma system. The
average distance a particle travels between successive collisions is known as

the mean-free-path, A, s, [25].
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1.3.6 Gyro-frequency

Since a plasma is composed of charged particles it is influenced by electric and
magnetic fields. When a magnetic field is present, the magnetic force acts
perpendicular to the velocity of the charged particles, causing the particles
to rotate around the magnetic field lines. The frequency of this rotation is
known as the gyro-frequency, w and is given by:

_lq|B
w = —

Mg

(1.3)

where ¢ is the electric charge, B is the magnetic field strength and m is the

mass of the species under consideration.

1.3.7 Gyro-radius

The gyro-radius of a charged particle is defined as the radius of circular
motion it makes as it gyrates around a magnetic field line. Tons and electrons
gyrate in opposite directions around magnetic field lines. The stronger the
magnetic field the tighter charged particles are tied to the field lines resulting
in a smaller gyro-radius.

msvg

Ps = 1.4
B (14)

my is the mass of the species, v, is the perpendicular velocity.
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1.4 Plasma Sheaths

1.4.1 Sheath formation

A sheath is a charged boundary layer that forms at any plasma-boundary
interface. When a plasma comes into contact with an un-biased surface, the
electrons being more mobile than the ions, leave the plasma faster and charge
the surface negatively with respect to the plasma. This negative potential
sets up an electric field that attracts ions and repels electrons, forming a
region of positive space-charge in front of the surface, that works to equalize
fluxes to that surface. The potential at which the flux of ions and electrons
is equal at the surface is known as the floating potential, ¢;, which is less
than the plasma potential. Quasi-neutrality no longer holds in the sheath
and it has a width of several Debye lengths[26].
Sheaths are considered to be one of the most fundamental structures in
plasma physics and as a result, have been studied extensively for decades|27]
[28] [29]. They are present in any situation where a plasma comes into contact
with a surface, for instance, at the edge of nuclear fusion devices, the inter-
face between spacecrafts and space plasma, as well as being widely utilised
in the plasma processing industry([30][31].

One cannot discuss sheaths without mentioning the Bohm criterion[32].
In 1949 Bohm introduced a criterion for stable sheath formation. He pro-
posed that the formation of a stable sheath is only possible when ions enter
the sheath with a perpendicular velocity greater than the ion sound speed,

which is known as the Bohm velocity, vg, given by:

el.

my;

v =

(1.5)

where e is the electric charge, T, is the electron temperature and m; is the ion



1.4 Plasma Sheaths

mass. The Bohm criterion assumes a single species of mono-energetic ions,
a Boltzmann distribution for electrons, collisionless ion motion within the
sheath and the electric field is zero at the plasma-sheath edge. Ionization is
also neglected. Bohm concluded the point at which the ions reach the sound
speed, defines the sheath edge location. In order to accelerate the ions to
such a speed an additional layer with a small non-zero electric field called
the pre-sheath, has to exist in front of the sheath. This pre-sheath layer is
still quasi-neutral and much larger compared to the sheath itself. Therefore,
a confined plasma can generally be divided into the bulk plasma and sheath
region, both with very different characteristics and length scales, and the
sheath region further divided into sheath and pre-sheath regions.

In an RF plasma, the frequency of the applied RF voltage w,, is in the
range between the ion and electron plasma frequency, wy; < wyf < wpe. Gen-
erally, this is the frequency range used in industrial and laboratory plasmas.
In this situation, the electrons can follow the oscillations of the RF electric
field while the more massive ions can only respond to the time-averaged field.
Due to the RF voltage over the electrodes, the sheath voltage is RF mod-
ulated and the sheath thickness will oscillate at the RF frequency[33]. RF
plasmas are advantageous, particularly in industry, as they can be operated
at much lower pressures, they are more efficient at promoting ionisation and

sustaining the discharge compared to DC discharges.
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1.4 Plasma Sheaths

1.4.2 Magnetized Sheaths

As already mentioned, a confined plasma can be divided into the bulk plasma
and the sheath region. In the presence of a magnetic field another region,
the magnetic pre-sheath appears. The introduction of a magnetic field makes
the behaviour of plasma and the sheath more complicated, with the magnetic
field angle and magnitude influencing the sheath structure[34]. A plasma is
classified as being magnetized when the magnetic field is strong enough to
influence the particles trajectories and the gyro-radius of the particles is con-
siderably smaller than the overall size of the plasma p << L. Generally, the
lighter electrons are more easily magnetized than the more massive ions[35].

Chodural[36] was the first study the behaviour of sheaths with an oblique
magnetic field. As a result, he postulated the existence of an additional
layer, called the magnetic pre-sheath or Chodura sheath, that forms ahead
of the Debye sheath, in order to satisfy sheath formation in the presence
of oblique magnetic field. In this region quasi-neutrality still holds and it
scales with the ion gyro-radius, p;. The function of the magnetic pre-sheath
is to turn the direction of the ions from traveling in the direction parallel to
the magnetic field when entering the magnetic pre-sheath, to the direction
perpendicular to the surface upon leaving the magnetic pre-sheath. This is
achieved by the strong electric field in the magnetic pre-sheath. Chodura
introduced his own criterion which is essentially the Bohm criterion with an
oblique magnetic field known as the Bohm-Chodura criterion. This requires
that the ion velocity parallel to the magnetic field must reach the ion sound

speed at the entrance to the magnetic pre-sheath:

v = csCo8 (1.6)

where ¢, is the ion sound speed, ¢, = %, and 1 is the angle the
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1.4 Plasma Sheaths

magnetic field makes relative to the electric field. Chodura also determined
that the size of the magnetic presheath is dependent on the angle of incidence
as well as the ion gyro-radius, while the overall potential drop between the
wall and plasma is independent of the magnetic field.

Therefore, the magnetized plasma-surface transition region consists of the
essentially three regions : (i) the magnetic pre-sheath, (ii) the Debye sheath,
and (iii) the pre-sheath as can be seen in Figure 3. The study of sheaths
in the presence of an oblique magnetic field is an important area of research
due to its relevance. For instance, in nuclear fusion devices such sheaths
determine the energy and flux onto the surfaces in contact with the plasma.
While in plasma processing, magnetic fields are often used to enhance the
reactors performance thereby exploiting the sheath behaviour. Hence, this
thesis is dedicated to establishing a better understanding of the behaviour of
magnetized sheaths using kinetic simulations, namely a particle-in-cell code,

that is described in Chapter 2.

potential (@)
A

CPS MPS , DS 0

Y w

collisional magnetic

presheath presheath sheath |’ wall

Figure 1.3: Structure of magnetized plasma-wall transition layer[2].
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1.5 Thesis outline

1.5 Thesis outline

The thesis is organised as follows:

e Chapter 2 provides a general introduction to plasma simulations.
Briefly discuss the different branches of plasma simulations and why
kinetic simulations are suited for our work. The general algorithm of
particle-in-cell simulations is introduced. We provide a description of

our 1d3v electrostatic PIC code, MagPIC, developed at DCU.

e Chapter 3 presents a general overview of RF-CCP discharges. Dis-
cuss the limitation of conventional, single frequency CCPs and novel
approaches to overcome these limitations. Present our model of a mag-

netized capacitive discharge along with background theory.

e Chapter 4 presents our simulation results regarding the plasma series

resonance phenomenon.

e Chapter 5 presents our investigation into the applicability of un-
magnetized RF sheath models in describing the magnetized scenario.

Introduce the background theory and discuss simulation results.

e Chapter 6 presents experimental results from an RF-CCP reactor con-
ducted by IPR, India. Experimental setup is briefly explained. Com-
parisons are made with our 1D MagPIC and experimental results. 2D
MagPIC simulation results are also compared with experimental re-

sults.

e Chapter 7 presents the conclusions and an overall discussion of the
work to date. Recall the thesis objectives with its motivations. Sug-

gestions for future work.
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CHAPTER 2

Particle-in-Cell Simulation

2.1 Plasma Modeling

Plasma simulations began in the early 1960s and have grown in complexity
ever since. With the numerous plasma applications, numerical simulations
have become an indispensable tool in helping to improve the performances of
plasma sources and determining optimum operating conditions, especially in
cases where direct measurements are costly or too difficult to carry out[37].
Modeling a plasma is not a simple task. It is not possible to incorporate all
aspects of a plasma into one detailed model. Different simulation techniques
may be needed for different plasma systems in order to capture the main
physics of interest. As a result, simplifying assumptions are widely employed

when modeling plasmas[38].
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2.1 Plasma Modeling

Plasma simulations can be broadly classified into three categories : (i)
kinetic, (i7) fluid and (ii7) hybrid simulations. The kinetic description con-
siders individual particle interactions via electromagnetic fields. Particle-in-
cell(PIC) simulations are one such type that employs the kinetic description
[39][40]. In the PIC method, the plasma is modeled using computer-particles
that represent a certain number of real particles, commonly on the order of
10® actual particles but there is no generally accepted rule of thumb determin-
ing this parameter as of yet[41]. Particle transport is calculated by solving
the equations of motion, and collisions are handled using Monte Carlo(MC)
methods. This method employs very few simplifying assumptions which lead
to detailed models of fundamental processes since they are based directly
on particle kinetics as opposed to energy distributions as is employed in the
fluid description. A major drawback of this method is the long computation
time. This method will be discussed in more detail in Section 2.2.

Fluid simulations reduce the complexities of kinetic description by de-
scribing the macroscopic behaviour of plasma through macroscopic quantities
such as density, velocity, and mean energy. Fluid models solve the Magne-
tohydrodynamics (MHD) equations, which are obtained by taking velocity
moments of the Boltzmann equation. Fluid simulations are well suited for
large scale-problems and are known for their fast computational speed, two
and three-dimensional simulations can be run in a reasonable amount of time.
However, the major approximation of fluid models involves an assumption re-
garding the velocity distribution. This can limit their application since such
an assumption can result in the failure of capturing some physics[38]. For
example, fluid models are adequate for providing the general features of the
plasma-wall interface, but they are not capable of capturing non-local particle

kinetics. For example, fluid models that neglect sheath effects may employ
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2.1 Plasma Modeling

less restrictive spatial and temporal resolutions to model physical phenom-
ena of interest, but at the same time such models cannot determine to what
extent the plasma-surface interactions alter the macroscopic physics[42].

Hybrid simulations involve a combination of both the kinetic and fluid
methods. The speed of fluid simulations combined with the accuracy of the
PIC simulations results in a hybrid code that runs faster than PIC codes
but slower than fluid codes, with the ability to describe some kinetics more
accurately than fluid codes alone. Hybrid simulations consider some of the
plasma as a fluid and some as particles. Typically electrons are treated
kinetically, while neutrals and ions are treated as a fluid[38][43]. The design
of hybrid models typically depends on the particular physics needed to be
modelled.

Global models are also often employed within plasma simulations. In
a basic global plasma model, the plasma is assumed to be homogeneous,
i.e. particle densities and temperatures are equal. Global models can be
considered a subset of fluid models since they are based on fluid equations,
namely particle balance equations and power balance equations. and provide
a macroscopic descriptions of the plasma. In a basic global model, the plasma
is assumed to be homogeneous therefore all spatial derivatives are zero. The
assumption of homogeneity enhances the computational efficiency of these
models. At the same time, this is also their disadvantage and can therefore
limit their application. Global models do not capture important informa-
tion concerning spatial variations and as a result, can lead to quantitative
errors[44][45].

To conclude, while there are various simulation techniques available to
model plasma behaviour, in order to obtain the most detailed description

of the sheath, a kinetic description is needed. Hence, this is why PIC sim-
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2.1 Plasma Modeling

ulations are particularly well suited to examining sheath behaviour. The
remainder of this chapter is dedicated to describing the basic algorithm of a

PIC code followed by a description of our 1d3v electrostatic code, MagPIC.

17



2.2 Introduction to PIC Algorithms

2.2 Introduction to PIC Algorithms

PIC simulations are widely employed in plasma modelling[46][47][48]. Being
kinetic in nature, no assumptions are made regarding the particles distribu-
tion functions, which is why the PIC method is well suited for investigating
the sheath region in particular, where ions and electrons are far from equilib-
rium. In the PIC method, the plasma is modelled by using a set of computer-
particles known as super-particles or macro-particles, that represent a fixed
number of real particles. They follow the same trajectory as the species they
represent since they have the same charge to mass ratio as the real parti-
cles. From some set of initial conditions, the electric and magnetic fields
are calculated using Maxwells equations, and then the particles are moved
a small distance. PIC codes that solve the full set of Maxwell’s equations
are known as electromagnetic PIC codes while electrostatic PIC codes only
consider Poisson’s equation, i.e, only electric fields are considered, magnetic
component is neglected. Super-particles move with a finite time step, At,
and the fields are calculated at the boundaries of a set of finite-sized cells of
width, Az, for each time step. For stability reasons, At must be small enough
to resolve the smallest time scales in the system which is usually the inverse
plasma frequency and the cell size, Ax, also needs to resolve the smallest
length scale in the system which is the debye length, A\p, in order to avoid
numerical instabilities, and avoid artificial heating of plasma. Numerical
heating is a process whereby the particles in the simulation are accelerated
more than they should be, simply due to the finite nature of the PIC method.
This artificial heating can be caused by poor choice of time-step, grid-size,
or even the number of particles in each cell[49]. Having a cell size larger
than the Debye length means that effects will not be seen in the calculated

fields. In other words, the finest scales must be resolved everywhere. PIC
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2.2 Introduction to PIC Algorithms

codes that are required to satisfy these constraints are known as explicit PIC
codes. The PIC method alone does not take particle collisions into account,
but they can be included by applying a Monte-Carlo collision(MCC) scheme.
A typical cycle for an explicit electrostatic PIC code consists of the following

steps:

1. Accumulate the charge and current densities on the grid from particle

positions and velocities.

2. Solve Poissons equation on the grid to find the electric potential and

the electric field.

3. Interpolate the electric field on the grid to the particles position and
from equations of motion to determine new particle positions and ve-

locities.
4. Check for collisions.
5. Repeat this cycle as many time steps as necessary for convergence.

As mentioned earlier, PIC simulations are computationally intensive and
are susceptible to errors from discrete particle noise. By attempting to speed
up simulations by reducing the number of super-particles, simulating too few
particles can introduce noise, which can lead to numerical heating, that will
affect the simulation results. A more detailed description of the PIC method

can be found in [50].
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2.3 Description of MagPIC

2.3.1 Overview

MagPIC is a 1d3v electrostatic PIC code, it resolves one spatial but three
velocity components, and includes the effect of an external magnetic field.
It simulates a 1D plasma-sheath system in a symmetric parallel plate ca-
pacitive discharge with one plate grounded while the other is powered. At
the plates absorbing wall boundary conditions for the particles are applied,
and secondary electron emission is ignored. The background neutral gas is
distributed uniformly at a temperature of 300 K. Particles are loaded at ran-
dom positions, and initial velocities of all particles are assumed to have a
Maxwellian distribution. The magnetic field is of constant strength but the
angle, 0, is variable relative to the electric field. The simulation setup is
shown in Figure 2.1. Simulations can be operated either current or voltage
driven modes. For this work, we have chosen the voltage driven mode. Start-
ing with some arbitrary initial conditions, the system evolves to a steady-
state, and the output data is averaged over the radio-frequency. Then the
simulations resolve the radio-frequency period with the output data repre-
senting one such period during which diagnostics of plasma parameters are

performed.
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Figure 2.1: Schematic of magnetic field orientation employed by MagPIC,

where d is the plate separation and 6 is the angle between the magnetic field

and the electric field.
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2.3.2 Equations of Motion and Particle Pusher

The particle-pusher is the part of the code where the positions and velocities

of the particles are updated by integrating the equations of motion[39].

m— =q(E+v x B) (2.1)

There are several schemes for performing this integration, the most widely
used scheme for advancing particles that considers both electric and magnetic
fields is the Boris scheme, that is also employed by MagPIC. It is commonly
used due to its speed and stability. It is second-order accurate, requires only
one field evaluation per time step, and has good conservation properties.
It is a leap-frog scheme meaning that particle positions and velocities are
staggered by half a time-step, At/2, and the electric and magnetic forces
are completely uncoupled. As a result, the equations become time-centered
so that they are sufficiently accurate and require relatively short calculation
time. The leap-frog scheme is an example of explicit solver, i.e. whereby it
depends on old forces from the previous time step. Whereas implicit solvers
use the already updated fields, meaning calculation needs more effort and
so can be much harder to implement. Boris pusher essentially consists of
three separate pushes : (i) a half push by the electric push, Eq. 2.2 then (ii)
a rotation by the magnetic field, Eq. 2.4 and then (iii) the second half of

electric push, Eq. 2.3.

-1z _ - (EAL

v — (2.2)
EA

virl2 — vt 4 Q_Tt (2.3)
m
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xS 5 x B (2.4)

where v~ and v are two intermediate states. Therefore Eq. 2.1 becomes:

viHLl/2 _ yt=1/2

t+1/2 _ t—1/2
q v v

— |E x B 2.5
At m + 2 (2:5)
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2.3.3 Field Solver

The function of the field solver within a PIC code is to calculate the electric
and magnetic fields on the grid by solving Maxwell’s equations, using the
charge and current density as sources. In general, the choice of field solver
depends on the chosen boundary conditions of the plasma, the geometry of
the chamber to be modeled as well as the number of dimensions required in
a simulation[39]. Since MapPIC is a 1D, electrostatic code, the differential

equations to be solved are:

99
E=—— 2.6
9 (2.6)
oE  p
= _r 2.7
or € (2.7)
which are combined to obtain Poissons equation in 1D:
¢ p
T __ 2.8
0x? €0 ( )

MagPIC employs a direct solver and so solves the following finite difference

equations:

_ Gjr1 — Pj1

Ej= 2Ax (29)
Giv1 =20+ P Py (2.10)

(AIE)Q €0

Here E' is the electric field, ¢ is the potential, p is the charge density, ¢ is

the permittivity of free space, Ax represents the cell size and j represents
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2.3 Description of MagPIC

the j' cell. Once the field is known, the particles are indivually advanced in

time using equations of motion, with the acceleration found by the interpo-

lation from the electric field on the grid. The steps in the PIC cycle can be

represented in Fig. 2.2.

Integration of equations
of mation, moving particles

F -V - X
'] L

Monte-Carlo Collisions

‘I‘j' L — \F‘,

Weighting
(E,B), = F

al

Integration of field
equations on grid

—

Weighting

X, v), = (p,4J),

(5,9), == (E, B),

Figure 2.2: Schematic of a typical PIC cycle with Monte-Carlo collisions[3].
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2.3.4 Weighting

The PIC method requires a weighting procedure for mapping grid quantities
to particle positions and vice versa. The part of the code responsible for
this is the weighting scheme that involves interpolation. There are numerous
weighting schemes available with different degrees of accuracy and complex-
ity. Zeroth-order weighting is the most basic and assigns a particle’s charge
to the nearest grid point and imposes the nearest points electric field on that
particle. This is also known as nearest-grid-point weighting and is relatively
simple and fast meaning it can be noisy. First-order weighting imposes a
linear weighting to and from a particle, using the two nearest grid points. In
this situation, each particle can be imagined as a cloud of particles that can
pass freely through one another. Hence, this scheme is sometimes called the
cloud-in-cell scheme. The fraction of the cloud which falls within each grid
points sphere of influence is weighted to that cell. As a cloud moves through
the gird, it contributes to density much more smoothly, so in comparison
to zeroth-order schemes, it smooths the density and potential fluctuations
thereby reducing noise[39]. This is the scheme employed by MagPIC for
relating grid quantities to particle positions and vice versa. Higher-order

weighting schemes are also available but at the cost of more computation.
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2.3.5 Collisions

The PIC method alone does not take particle collisions into account, so it
must be coupled with a collisional algorithm to account for momentum trans-
fer and charge exchange collisions. This is done by applying a Monte-Carlo
collision(MCC) scheme, as is the case in MagPIC. The code handles binary
collisions between two particle species, using basically the Direct Simulation
Monte Carlo(DSMC) procedure. A random pair of particles are picked and
the usual Monte Carlo procedure is applied to determine whether (i) a real
collision occurs, and if so, (ii) of what kind. It is assumed that collisions
between these species occur with a constant rate k£, which is independent
of the relative speed of a pair of particles. When dealing with such a large
number of particles, computing the probability of a collision occurring for
each particle at every time step is computationally demanding, as well as
expensive. To overcome this, a fictitious collision known as the null-collision,
which is simply just a computational aid, is used. This method provides a
constant collision frequency, k, for each particle species, giving a constant

collision probability, v,, per time step for each species given by Eq. 2.11:

Py =1 — exp(—v;At) =~ v, At (2.11)

This means that particles undergoing collisions can be selected at random
without the need to compute the collision probability for each particle at
every time step. MagPIC considers all important particle interactions like
electron-neutral ( elastic, inelastic and ionisation) and ion-neutral ( elastic,
inelastic and charge exchange) collisions using the cross-section data base
known as Biagi[51]. Higher order processes like multi-step ionization, par-

ticle de-excitation and super elastic collisions are neglected. Therefore, the
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procedure within MagPIC consists of picking a random pair of particles and
testing for a collision, with a particle only allowed to collide once per time
step. Once a collision has occurred, it then has to be determined what type
of collision occurs using a random number generator. Those pairs that col-
lided then have their velocites modified in a way that conserves energy and

momentum and if necessary, any new particles are added to the simulation.
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2.3.6 Sheath widths

The defining of the sheath edge position has been a topic of debate in recent
years [52][53] and, an agreed-on definition has yet to be settled on within
the plasma physics community. While the most widely accepted definition
allows the Bohm criterion to identify the sheath edge alternative defini-
tions have arisen over the years along with complete rejection of the Bohm
criterion[54][55][56][57]. Therefore, the conversation around the sheath edge
has been shrouded in controversy and, as pointed out by Franklin[29], if this
matter is not resolved it is likely to lead to much confusion within the com-
munity. In a sense, one can almost compare locating the sheath edge to the
location of the edge of a cloud - there is no clear definition. As a result,
in this work the sheath edge is defined using three different definitions as

follows:

1. The point where the positive space charge in the sheath, n, exactly
compensates the negative surface charge, —o, and the electric field is

Z€ero:

sheathedge
/ ny(x)der = —o (2.12)

lectrode

2. The point at which ions reach the Bohm velocity:

kT,

my;

(2.13)

up =
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3. Using the sheath edge ion density, ng, implied by the ion current, J;,
to determine the sheath edge:

Ji = ensup (2.14)

30



2.4 Summary

2.4 Summary

In this chapter we gave a brief introduction to plasma simulations and the
various models that can be used to model a plasma. Since kinetic simulations
are suited for our work, we provide a general description of the particle-in-
cell method while also introducing our 1d3v electrostatic PIC code, MagPIC,
developed at DCU.
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CHAPTER 3

RF-CCP Discharges

3.1 Introduction

A typical RF-CCP discharge consists of two parallel electrodes, placed in a
vacuum vessel, powered with a voltage from an RF power source. The RF
voltage applied across the electrodes generates an oscillating electric field
that accelerates electrons leading to ionization of the working gas resulting
in the formation of a plasma. In an RF plasma, the frequency of the electric
field is so high that only the electrons can follow the electric field, while the
more massive ions remain almost at rest. Sheaths form at the electrodes,
and their potential drop and thickness oscillate at the RF frequency. The
typical distance between the electrodes is usually between 1-10 cm, while the
driving voltage can be between 100 -1000 V. The driving frequency can be
between 1 and 100 MHz, but traditionally the conventional frequency of 13.56
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MHz is used, which falls in the range between the ion and electron plasma
frequencies, wijon, << wrrp << wpe. The pressure of the working gas can vary
in the range of 1-1000 Pa, depending on the application of the discharge. RF-
CCP discharges can be classified as symmetric or asymmetric. In the case of
symmetric discharges, the electrode areas are equal and, this results in the
RF voltage being dropped equally across both sheaths. While for asymmetric
discharges, the electrode areas are different. Generally, the powered electrode
is smaller, and therefore the voltage dropped across the powered sheath is
much higher than the voltage across the grounded sheath. i.e., there is an
asymmetric voltage distribution[45][33]. Both types of discharge are depicted
in Figure 3.1. In principle, CCP discharges operate like a capacitor. The
driven electrode corresponds to one of the capacitor plates; the grounded
wall of the chamber corresponds to the other plate and, the ionized gas acts

like the dielectric.

(@) (b)

RF RF
generator generator

Figure 3.1: Diagram showing a typical (a) symmetric and (b) asymmetric

CCP discharge[4].
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3.2 Ion Energy and Flux Control

RF-CCP discharges are widely used for plasma-assisted material processing
such as plasma etching, deposition, and surface treatment[45]. In these pro-
cesses, the interaction of energetic ions with the surface play a crucial role.
The ion flux is one of the principal parameters in determining the rate of a
process at the surface while the ion energy required is largely process depen-
dent therefore independent control of these parameters is desired in plasma
processing applications[58]. Consequently, this would allow one to optimize
the performance of the discharge. However, conventional, single-frequency
CCPs lack this capability since the applied voltage controls both parameters,
i.e., increasing the voltage increases both the ion energy and flux simultane-
ously. Some novel approaches have been adopted in an attempt to overcome
this limitation, which will be discussed in the following sections.

Another important parameter is the ion energy distribution function
(IEDF) since it provides information about the energy of the ions impinging
on the electrodes. The IEDF is mainly controlled by the sheath dynamics,
and so plays a crucial role in plasma processing due to its strong influence
on the surface reactions. For example, etch profiles are determined by the
IEDF, so the ability to control the IEDF is also highly desirable. In this
work, dealing with low pressures, we consider the sheaths to be collisionless,
Amfp > Swidth, Whereas collisional dominated sheaths are a characteristic of
discharges with higher pressures i.e., > 10 Pa. For single frequency, CCPs
in the collisionless regime, the shape of the IEDF is determined by the ra-

tio of the ion transit time across the sheath, 7;, to the RF period,7,;. For

Ti
Tr f

<< 1, ions cross the sheath within a fraction of the RF cycle. As a
result, they respond to the instantaneous sheath voltage, and so their en-

ergy strongly depends on what phase of the cycle they enter the sheath. In
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this case, the sheath tends to be resistive, and this is known as the low-
frequency regime. In this situation, the IEDF is broad and bimodal, where
the two peaks correspond to the maximum and minimum sheath voltage. For
#f >> 1, ions take many RF cycles to cross the sheath and so respond to the
time-average sheath voltage, and the phase of the cycle where they enter the
sheath is no longer important. This is called the high-frequency regime, and
the sheath tends to be capacitive. In this case, the IEDF' is characterized by
a single peak determined by the time-averaged sheath voltage[59]. Having
highlighted the importance of independent control over ion properties, we
now discuss some methods to achieve such control before introducing our

proposed method.
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3.2.1 Dual Frequency Discharges

One of the first approaches to over-come the limitation of single-frequency
CCP discharges involved the use of dual-frequency discharges[60][61][62],
where a very high-frequency, e.g. 100 MHz, and a very low-frequency, e.g.
1 MHz, are applied to the discharge. The high-frequency component con-
trols the plasma density and thereby, the ion flux, while the lower frequency
component controls the sheath voltage and, ultimately, the ion energy|[63].
However, while this approach provides improved control, it has been shown
that there can be coupling between the two frequencies if they are too close
to each other, and for very high frequencies, electromagnetic effects can arise.
Parasitic effects due to secondary electrons can also be introduced, and so
the desired separate control of the ion energy and flux is limited to a very

narrow parameter range[64].

3.2.2 Electrical Asymmetry Effect

Another approach considers the electrical asymmetry effect (EAE)[65][48][5],
whereby the discharge is made electrically asymmetric. In geometrically
asymmetric discharges, a DC self-bias automatically develops due to the
difference in electrode sizes in order to balance the electron and ion flux to
each electrode over one RF period. Whereas in symmetric discharges, no
such DC self-bias develops since the voltage distribution is symmetric. The
EAE can be employed in a geometric CCP by applying a combination of
the fundamental frequency and its second harmonic, thereby inducing an
asymmetry which leads to the generation of a DC self-bias. The phase angle,
0, between the two frequencies, is the control parameter and, when adjusted,

will adjust the DC self-bias and hence, the energy of the ions, resulting in
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control over the ion energy while the ion flux remains constant. An advantage
of using this method with geometric discharges means smaller chambers can
be used since, in most asymmetric discharges, the chamber is generally much
larger than the substrate since it acts as the ground electrode, therefore
reducing cost[4]. However, it has been observed that the performance of
the EAE is reduced at lower driving frequencies due to enhanced charged

dynamics[66].

3.2.3 Voltage Waveform Tailoring

Expanding on the EAE leads to the method of voltage waveform tailoring
(VWT), which provides significantly better separate control of the ion en-
ergy and flux[67][68][69]. In this situation, the driving voltage waveforms are
generated as a superposition of multiple consecutive harmonics of a funda-
mental driving frequency. The form of these tailored voltage waveforms is
chosen to maximize the EAE. As a result, the symmetry of the plasma can
be controlled by adjusting the relative phases of the harmonics. In contrast
with the EAE, where just two harmonics are considered, it was found as
the number of harmonics is increased, the self-bias and ion energy control
range also increases. However, at the same time, there is significant waveform

distortion as the number of harmonics is increased[70].

3.2.4 Magnetic Asymmetry Effect

Treischmann et al.[71] proposed a relatively new technique, whereby the dis-
charge symmetry is controlled by applying a spatially inhomogeneous mag-
netic field. When a parallel magnetic field is applied to the electrodes higher
at one electrode compared to the other, this will lead to the generation of a

DC self-bias, even in geometrically symmetric CCPs. This is due to greater
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confinement of electrons in the region of the higher magnetic field leading to
enhanced ionization thereby inducing an asymmetry. Electron field reversals
during sheath collapse can also occur due to the reduction in the electron
mobility to ensure flux compensation of ions and electrons at the electrode.
As a result, there is a higher ion density at one electrode compared to the
other, which leads to the generation of a DC self-bias. It is this difference in
electron confinement at both electrodes that control the symmetry and there-
fore, the DC self-bias. Hence, by adjusting the magnetic field configuration,
one can control the mean ion energies at both electrodes. Simulation studies
provided by Yang et al.[72][73] verified the MAE could make a geometrically
symmetric CCP asymmetric, although it was found that the effect is reduced
at high pressures, while Oberberg et al.[74] provided the first experimental
evidence of the viability of MAE.

Each of the methods discussed initially appears to offer independent con-
trol over the ion properties, however, they are challenging to implement and
are not without their limitations. We offer an alternative method based on a

series resonance for a magnetized, single frequency symmetric CCP discharge.
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3.3 Plasma Series Resonance

In the following sections, we present a method by which independent control
of the ion properties is observed through a series resonance in a magnetized
single frequency RF-CCP discharge. We offer a brief introduction into the
background theory, followed by a discussion of the magnetized electron series
resonance( MESR) phenomenon. We then provide a description of our capac-
itive discharge model that considers a variable magnetic field angle which is
based on coupling a global plasma model with a cold electrical model. Fi-
nally, we present our simulation results based on the described model and

discuss possible applications and relevance.
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3.4 Introduction to Electron Series Resonance

Electron series resonance(ESR), also known as plasma series resonance(PSR)
or a plasma-sheath resonance[75], is a phenomenon that was first associated

with geometrically asymmetric discharges, represented by Eq. 3.1.

25

Z (3.1)

Wres = Wpe

where wy, is the electron plasma frequency, 25 is the total time-averaged
sheath width, and L is the discharge length. When investigating ESR, it
is common practice to use equivalent circuits and impedance characteristics
to analyse the plasma, see Figure 3.2. As a result, a CCP discharge can be
represented by an equivalent circuit consisting of a capacitor, representing the
sheaths, in series with an inductor and resistor, which represent the electron
inertia and electron-neutral collisions in the bulk plasma, respectively[76].
The series resonance occurs when the sheath capacitance perfectly balances
the plasma inductance and is signified by the imaginary impedance going to
zero i.e., the impedance is purely resistive. This effect has been observed
computationally[77] as well as experimentally[78][79].

Originally it was thought that the ESR was a feature exclusive to asym-
metric CCP discharges solely due to the non-linearity of the sheaths. In
the completely symmetric case, the non-linearity of the two sheaths cancels,
and so there is no mechanism to produce such resonance. It was then real-
ized by using the methods mentioned earlier to induce an asymmetry that
symmetric CCPs could also exhibit such a resonance[80][81][82]. A resonant
sustained discharge is advantageous for several reasons; they can be excited
by much smaller voltages, thermal loads on the surfaces are reduced, and the

input resistance is also low, which means there is maximal power transfer to
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3.4 Introduction to Electron Series Resonance

the discharge[83][77]. ESR is already known for influencing the ohmic and
stochastic heating in RF-CCP discharges at low pressures which can lead to
higher densities and etch rates[84][85]. However, in general, ESR is thought
to occur at much higher frequencies than the conventional RF driving fre-
quencies, i.e., 13.56 MHz.

In the remainder of this chapter, we demonstrate how a magnetized elec-
tron series resonance(MESR) was achieved at this frequency with the appli-
cation of an oblique magnetic field. It has been previously suggested that this
phenomenon may provide a means to control various discharge parameters|?
]. Therefore, the objective of this section involves investigating the viabil-
ity of using MESR as a means to achieve independent control over the ion
flux and energy. It is this possibility of control over plasma parameters that
would make MESR sustained discharges an attractive candidate for plasma

processing.
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3.5 Magnetized Electron Series Resonance

While ESR discharges have been discussed in the literature[86][82][77], the
behaviour of magnetized resonant discharges has received relatively little
attention as of yet. Qui[75] provides a detailed study on magnetized resonant
discharges supplying both theoretical and simulation work which we will now
consider. Ultimately, he derives an equation for the MESR frequency, wy,csr

from an equivalent circuit model using cold plasma theory given by:

w2 + w? w2 4 w?
w2 _ Pee 5 esr | ( ce esr)g —sin2 ¢w2 w2 (32)

2 ce T esr

where we, wesr and ¢ is the electron cyclotron frequency, electron series
resonance frequency and the magnetic field angle with respect to the plate,
respectively.

Their work is based on a 1D plasma diode model, whereby the noise
current from a decaying uniform plasma is found to exhibit the MESR fre-
quency. Simplifying assumptions such as a static magnetic field, unmagne-
tized sheaths and neglecting the ion motion are employed. Much the same
as ESR, MESR occurs at frequency at which the diode impedance is resis-
tive. Therefore, for resonance to occur the dielectric constant of plasma in a
weak magnetic field must be negative, i.e. €. < 0, to allow for an inductive
bulk so as to cancel with the capacitive sheaths. This leads to two frequency
branches, a lower branch w; (Eq. 3.3) and an upper branch wy (Eq. 3.4)

and, with a dependence on the magnetic field angle with respect to the plates,

0.

0 < wp < Weesing (3.3)
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3.5 Magnetized Electron Series Resonance

Wee < Wh < yJW2, + w2, cos? ¢ (3.4)

A global model for magnetized resonant discharges is also introduced,
allowing one to obtain relations between the discharge parameters. A pla-
nar cold homogeneous plasma model is employed[87] where stationary ions
uniformly fill the discharge while a cold uniform electron slab neutralizes the
ion charge at the center, while electron depleted matrix sheaths form at the
plates. The equivalent circuit consists of capacitors representing the electron
depleted sheaths, a center capacitor representing the displacement current
through the bulk, a resistor representing the electron-neutral collisions and

an inductor representing the electron inertia.

@
=
elastic
collisicns;
‘D~@ 3,
electron
inertia
T %

Figure 3.2: Equivalent circuit of RF-CCP discharge taken from [5].

A classic plasma global model is based on two equations: (i) the particle
balance equation and (ii) the power balance equation. The electron density is
determined by the power balance equation, equating the total power absorbed
by electrons (Eq. 3.5) to the total power lost (Eq. 3.6). The electron

temperature is determined by the particle balance equation, equating the
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3.5 Magnetized Electron Series Resonance

total particle loss to the walls to the volume ionisation given by Eq. 3.7.

Given n, and d, the electron temperature can be determined.

1%.7,
P(fbs S (35)
2
where Irp is the RF current and Z,. is the real part of the impedance.
P = 2ensupAle. + 2T,) (3.6)

where n, is the plasma density at the sheath edge, €. is the electron collision
loss and ionisation loss in the plasma bulk and 27, is the electron energy loss

at the walls.
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3.5 Magnetized Electron Series Resonance

Ki.(T.) 2«
UB(TE) N ngd <37)

here K;,(T,) is the electron-neutral ionization rate constant, ug(7.) is the
bohm velocity, & = ng/ng, where ng is the density at the sheath edge and ny
is bulk plasma density, d is the plasma bulk width and n, is the neutral gas
density.

It is important to remember that while these simple models can pro-
vide considerable insight into the behaviour of CCP discharges, thanks to
their simplifying assumptions, at the same time they cannot fully predict the

quantitative behaviour of real discharges.
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3.6 Magnetized Capacitive Discharge Model

In this section, we present a simple model of a magnetized capacitive dis-
charge with variable magnetic field angle, that couples a global plasma bal-
ance model with a cold plasma electrical model. We have extended the model
of R. Lucken[88] et al. allowing for an arbitrary magnetic field angle thereby
allowing us to examine a range of angles for which stationary solutions may
exist. Luken’s model is essentially based around three equations, the elec-
tron momentum balance equation (Eq. 3.8), electron continuity equation
(Eq. 3.9) and a collisionless momentum conservation equation (Eq. 3.10).
From these equations, they derive an equation for the electron temperature
(Eq. 3.11) (that can be solved numerically for v;,(7,)) and plasma density
(Eq. 3.12) for a 1D CCP discharge with a parallel magnetic field.

!/

0:¢’—vxb—%—yv (3.8)
TV () = o (3.9)
2
(% _
5 b (3.10)

1 1 1 1
[(%) + (ﬁ) ] arctan [(%) ] -1= pral (3.11)
Viz ap Viz 2

no_ (1 i O‘“x2>%(1+2“) (3.12)
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3.6 Magnetized Capacitive Discharge Model

where ¢ is the electrostatic potential, v is the electron fluid velocity, n is
the electron density, v is the electron collision frequency, and b is the unit
vector in the direction of the magnetic field. a = 1/v + v, p = me/m;,
v;, is the electron impact ionization frequency v, is the velocity along the
x-axis, and [ is the plasma length. Lucken[88] et al. use normalized units
where frequencies are normalized to the electron cyclotron frequency, length
dimensions are normalized to the thermal gyro-radius of electrons, velocities
are normalized to the electron thermal velocity and the electrostatic potential
is normalized to the electron temperature.

Allowing for an arbitrary angle between the magnetic field and and the

spatially resolved axis we have:

B() sin 6
B = | Bycos® (3.13)
0
Starting with :
dd kgT. d
0=1C T,,g "B 5 (3.14)
Mme dr M, nme dx
so that we have:
dd kgT. d
0= i——I—vzwccosé’— B —n—yvac (3.15)
me dx nm. dr
0 = —v.w,sinf — v, (3.16)
0 = —v,w, cosf + vywsinf — v, (3.17)
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Substituting Eq. 3.16 into Eq. 3.17 and eliminating v, and re-arranging Eq.

3.15 becomes:

dd 2 cos? 0 kgT,d
0= L2, (s _ bpletn (3.18)
me dz w2sin®f/v + v nm. dz
The stationary ion continuity equation is given by:
dv, e d
Yo B0, (3.19)

dx ndr

The potential is zero when the ion drift velocity is zero so the ion energy

conservation equation is:

1
Sl = —qb=v,—=——"— (3.20)

dn, kgT. [ dv,
0= —vi% — awev? + :;Li ( dvx - 1/2-> (3.21)
where :
«Q m w? cos? v
= e c - 3.22
We My (wgsin29/y+y+wc> ( )

Upon further manipulation and the introduction of the following normaliza-

tions

(3.23)
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We end up with an equation of the form:

d
1- de_w = v/w, + aw? (3.24)
s

which has a solution of the form:

(v;/w. + «) arctan ( */07” )
C—s="2— Ve (3.25)

a \/yi/wca%

The boundary condition is that w = 0, at s = 0, C = 0. At the edge of the
plasma, at s,, , the Bohm condition is satisfied such that w = 1 Therefore

we have:

[(w’/a>l + <O‘:‘)) é] arctan [(O‘:’)ll —1=asm (3.26)

which is our version of Eq. 3.11 from Lucken’s model, that we use to deter-

mine the electron temperature based on the equilibrium condition K;(7,)N =
v;, which a solution to is not always guaranteed. Upon further manipulation
of the continuity equation we obtain the following equation for the plasma

density:

1 v,
2\ —5(1+35)
n = ng (1 Mo ) (3.27)

Vi
The equilibrium solutions are found using brute force searches and iteration

schemes, but there is no guarantee that a solution does always exist. The

solver scans a range of magnetic field angles and, at each angle, a range of
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3.6 Magnetized Capacitive Discharge Model

electron densities looking for stationary solutions. We can then determine
a range of parameters such as density, electron temperature, driving current

density, ion flux and impedance.
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3.7 Conclusions

In this chapter we have emphasized the importance of independent control of
the ion energy and flux in relation to plasma processing and discussed some
methods to achieve such control. We have introduced a possible method
for independent control of ion energy and flux in single frequency CCP dis-
charges, through the application of a magnetic field which induces a resonance
effect. Furthermore, we also constructed a model of a capacitive discharge

with a variable magnetic field angle.
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CHAPTER 4

Simulation Results

4.1 Simulation Parameters

In our simulations the variable control parameters are the driving voltage
amplitude Vj, the gas density N, and the magnetic field angle, 6. By first
choosing Vi and N, we then investigate the behaviour of the plasma param-
eters as we vary the magnetic field angle, 6, and the magnetic field strength
Br. We have considered three different magnetic field strengths - 12, 15 and
20 mT - and varied the magnetic field angle, 8, from 0, i.e. perpendicular
to the electrode, up to large angles of 6 that correspond to shallow angles
with the plates. For all simulations, the discharge was driven with 200 V and
the plate separation was kept at a fixed distance of 8 cm while the driving
frequency was kept constant at 13.56 MHz. This situation was repeated for

three different pressures - 1.035, 2 and 4 Pa. The working gas used was He-
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lium and electrons and ions are loaded with a Maxwellian distribution and
with initial temperatures of T, = 2.59 eV and T; = 0.029 eV respectively
and electrons are considered to be weakly magnetized. A particle is consid-
ered magnetized once it satisfies the following two criteria: (i) the particles

gyro-radius is much less than the discharge length.

mgU |
Ps = T 15
lq| B

ps << L (4.1)
where m, is the mass of the particle species , v, is perpendicular velocity, ¢
is the electric charge of the particle species, B is the magnetic field strength
and L is the discharge length and (ii) the electron gyro-frequency, €2, is less

than the electron plasma frequency, wp..

qeB
0. = 4.2
- (4.2)
nge?
.= 4.3
Wp o (4.3)
Qee < Wpe (4.4)

where m, is the electron mass , n is plasma density and ¢j is the permittivity
of free space. Particle weighting and numbers needed to be increased as 6 is
increased. Large angles of # correspond to small angles with the plates and
such a finite angle can considerably impact the electron mobility. The simu-
lations ran for many thousands of RF cycles in order to reach convergence, by
which we mean that parameters no longer vary from cycle to cycle. Simula-
tion parameters are summarised in the Table 4.1. The simulation parameters
were chosen in relation to a collaboration with an experiment conducted at

[PR, India, which will be discussed in Chapter 5.

53



4.1 Simulation Parameters

Simulation Parameters
Case 1 Case 2 Case 3
Driving voltage (V) 200 200 200
Electrode gap (cm) 8 8 8
Driving frequency (MHz) || 13.56 13.56 13.56
B-field strength (mT) 12 15 20

Table 4.1: Chosen simulation parameters for this study, investigating 3 dif-

ferent magnetic field strengths for each of the chosen pressures.

54



4.1 Simulation Parameters

4.1.1 Electron density

The simulations show that the plasma density, n., is strong function of the
magnetic field orientation, with a general tendency towards increasing density
as the magnetic field angle, 8, tends towards towards 90 degrees, or in other
words, as the angle with the plates, «, tends towards 0. However, this trend
is interrupted as the 6 approaches roughly 85 degrees, which corresponds to
grazing incidence with the plates, and no stationary solutions can be found.
Therefore there appears to exist a cut-off angle beyond which the plasma
density sharply decreases and stationary solutions can not be found, see
Figures 4.1 - 4.3. The increase in density is due to the penetration of the
electric field into the bulk. As a result of increased electron collisions, the
electron impact ionization in bulk maintains a high plasma density. This is
a characteristic of the magnetized electron series resonance[89]. It appears
that in the presence of a magnetic field at a certain angle, the resonance is
directly excited at the driving frequency.

Resonance is marked by the imaginary impedance crossing zero, i.e., be-
coming positive, which we observed, see Figures 4.4 - 4.6. Strictly speaking
in this work, we are dealing with a quasi-resonant discharge since current
and voltage are not exactly in phase. As pressure is increased, the resonance
effect is reduced due to the increased number of collisions[90]. We can also
see that increasing the magnetic field strength also increases the angle where
resonance occurs. It is well known that the application of a magnetic field
affects the plasma transport to the walls and is accompanied by a drop in the
electron temperature and rate of ionization[91], both of which were observed
in our simulations. Only at the highest pressure is a plasma sustained for all
angles and without a magnetic field since, at higher pressure, the plasma is

more confined. Below 4 Pa, a plasma cannot be sustained without a mag-
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netic field or below an angle of 53 degrees since the ionization rate is not

sufficient to sustain the discharge.

1.035Pa Case
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Figure 4.1: Variation of electron density with magnetic field angle, for 1.035

Pa case, where black segments signifiy resonance.
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2Pa Case
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Figure 4.2: Variation of electron density with magnetic field angle, for 2 Pa

case, where black segments signifiy resonance.
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4Pa Case
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Figure 4.3: Variation of electron density with magnetic field angle, for 4 Pa

case, where black segments signifiy resonance.
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1.035Pa Case

40 . ; ; ,
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Figure 4.4: Variation of the imaginary impedance with magnetic field angle,

for 1.035 Pa case, where positive imaginary impedance signifies a resonance,

denoted by the black segments.
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2Pa Case
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Figure 4.5: Variation of the imaginary impedance with magnetic field angle,
for 2 Pa case, where positive imaginary impedance signifies a resonance,

denoted by the black segments.
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4Pa Case
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Figure 4.6: Variation of the imaginary impedance with magnetic field angle,
for 4 Pa case, where positive imaginary impedance signifies a resonance,

denoted by the black segments.
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4.1.2 Ion Energy and Flux

Figures 4.7 and 4.8 shows the time-averaged ion energy and ion flux to the
electrode over 1 RF cycle for the 1.035 and 2 Pa case, respectively. We are
not including the 4 Pa case since the resonance effect is almost non-existent
at this pressure. In both cases considered here, the ion flux increases while
the ion energy decreases - they are coupled - which is expected in a single
frequency CCP discharge. Once the resonance is reached, they begin to
decouple - the ion flux begins to decrease while the ion energy continues to
decrease. While this study constitutes a very narrow range, it appears that
through the use of an oblique magnetic field to induce such resonances, it
may be possible to achieve separate control of the ion flux and energy in
single frequency, symmetric CCP discharges with further optimization i.e.

identifying the paramaters to achieve maximum independant control.
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Figure 4.7: Ton energy and flux to the electrode as a function of magnetic field

angle for 1.035 Pa at 12,15 and 20 mT field strengths. Black segments show

the occurence of resonance while also highlighting the onset of the decoupling

of the ion energy and flux.
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2Pa Case
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Figure 4.8: Ion energy and flux to the electrode as a function of magnetic

field angle for 2 Pa at 12,15 and 20 mT field strengths. Black segments show

the occurence of resonance while also highlighting the onset of the decoupling

of the ion energy and flux.
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4.1.3 Ion Energy Distribution Function

In plasma processing, the ion energy distribution function (IEDF) at the
substrate is significant since it determines the etch rates and etch profiles
in the etching processes as well as deposition rates and microstructures in
deposition. TEDFs essentially describe the probability of ion impact at a
surface for a given ion impact energy. As discussed in Section 3.2, ions are
modulated by the RF sheath field and so the IEDF is determined mainly
by the characteristics of the sheath[92]. The ability to control the IEDF
is obviously advantageous in plasma processing and we are proposing the
magnetized series resonance as a method to achieve this. We examined the
IEDF at the powered electrode under both the presence and absence of the
resonance condition for all cases as previously described in Section 4.1. It
appears that the IEDF can be altered by the magnetized resonance in a single
frequency CCP, while sensitive to pressure. While we found resonance for
each pressure case, it appears that there is an increase in the population of
higher energy ions compared to the situation where no resonance is present.
However, this is more clearly seen for 2 and 4 Pa cases, Figure 4.10 and
Figure 4.11 respectively, rather than 1.035 Pa case, Figure 4.9. Even though
the resonance effect is less prominent at the 4 Pa case, it still suggests that
the resonance induces a higher ion energy population. In conclusion, the
use of the magnetized resonance phenomenon could provide be a method of

tailoring the IEDF with further optimization.
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P=1.035Pa, B=12mT
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Figure 4.9: Comparison of IEDFs with and without the resonance at 1.035
Pa and 12 mT magnetic field.
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P=2Pa,B=12mT
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Figure 4.10: Comparison of IEDFs with and without the resonance at 2 Pa
and 12 mT magnetic field.
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P=4Pa,B=20mT
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Figure 4.11: Comparison of IEDFs with and without the resonance at 4 Pa
and 20 mT magnetic field.
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4.1.4 Power Transfer

Power absorption is one of the key parameters that defines processes in any
plasma source. In RF-CCP discharges power is transferred to the plasma by
two mechanisms: (i) Ohmic (collisional) heating due to electron-neutral colli-
sions and (ii) Stochastic (collisionless) heating whereby electrons collide with
the oscillating sheath edge and gain energy from this collision. At low pres-
sures, stochastic heating is the dominant mechanism for power transfer[45].

As mentioned earlier, we solve the power balance equation to determine
the electron density. Graphically, this can be represented by plotting the
plasma density versus the power absorbed by the electrons, as shown in
Figure 4.12. The straight line represents the electron power loss and the
curve represents the absorbed power. The intersection of this line with the
curve indicates a stable solution i.e. the power absorbed perfectly cancels
the power loss. Beyond this point, the power loss is greater than the power
absorbed and a plasma cannot be sustained. This also supports our earlier
observations, in Section 4.1.1, of a cut-off angle beyond which no stationary

solutions can be found since these are both noted at the same value of 6.
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Figure 4.12: Absorbed power versus plasma density at resonance for a mag-

netic field strength of 12mT at (a) 1.035 Pa and § = 85.7° and (b) 2 Pa and

0 = 86.1°. Red curve represents the power absorbed by the electrons, P,

while the blue line is the assumption of linear electron power loss, P,,s. The

intersection of P, and P, indicates an equilibrium solution.
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4.2 Conclusions

In this chapter we have introduced a possible method for independent con-
trol of ion energy and flux in single frequency CCP discharges, through the
application of a magnetic field which induces a resonance effect. The occur-
rence of such a resonance is sensitive to the magnetic field orientation and
for this study, only occurs for an extremely narrow range of angles. We have
demonstrated within this narrow parameter range, the decoupling of the ion
flux and energy, which may warrant applications in plasma processing. An
advantage of our proposed method include the fact that it requires only a sin-
gle frequency, and that frequency can be low so that electromagnetic effects
are not an issue. Although, it does require the application of a magnetic field
and some prior knowledge of the desired IEDF. Future work could focus on
determining an optimized discharge configuration in order to improve control

over the ion energy and flux.
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CHAPTER b

Sheath Models

In this chapter, we investigate how far conventional simple RF sheath models
that do not consider a magnetic field, can be applied to the magnetized
situation. First, we introduce some background theory on RF sheath models
and highlight the need for such models. We then offer an insight into two such
sheath models, Lieberman’s sheath model and a sheath model put forward
by Turner and Chabert, which is an extension of Lieberman’s model. To this
end, we have carried out a programme of 1D PIC simulations of an RF-CCP
discharge in the presence of a variable angle magnetic field and compare these

results with the models discussed in this chapter.
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5.1 Introduction

Several types of models have been developed over the years, all with their
own approach and assumptions, ranging from circuit models, analytical mod-
els, fluid models, kinetic models, and hybrid models. Godyak et al[93] offer
a brief comparison of RF sheath models. Due to the complexity of sheaths,
experimental measurements of this region have proven extremely difficult, so
the use of sheath models can offer an alternative solution. Ultimately all
models have the same goal - reduce the complexity in order to contribute to
the understanding of sheath behaviour. Generally, RF sheaths are studied
by employing the so-called “standard sheath model”. This model assumes
the RF regime where the applied frequency lies between the ion and elec-
tron plasma frequencies, i.e., w, << wrr << wpe, and also imposes the
length scale ordering A\p << s, << L. In the following sections, we briefly

introduce some simple sheath models that do not consider a magnetic field.
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5.2 Ion Matrix sheath model

In a situation where the sheath voltage is very large compared to the elec-
tron temperature, the electron population in the sheath can be neglected,
and only the ions are considered. This simple model of a high-voltage sheath
assumes a uniform ion density within the sheath, i.e., homogeneously dis-
tributed throughout the sheath, so n; = ny = constant, where n; is the ion
density in the bulk and n, is the ion density at the sheath edge. This type

of sheath is known as a matrix sheath with a thickness, s, given by:
2¢ Wt
s = < <0 °> (5.1)
eng

where 1} is the sheath voltage. Matrix sheath models are generally useful

when considering the situation where the mobility of ions is limited in the
sheath i.e. at high pressures. This model is considered one of the most

simplistic sheath models.
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5.3 Child Sheath Model

The Child-Langmuir model[94][95] offers a more accurate representation of a
high-voltage sheath compared to the ion matrix sheath model since it takes
into account the decrease in ion density due to their acceleration across the
sheath. In this model, the plasma consists of singly charged ions and elec-
trons, and the sheath is completely devoid of electrons, while the ion motion
is assumed collisionless. The boundary conditions imposed in this model re-
quire ions to enter the sheath with zero velocity, and the electric field is also
zero at the plasma-sheath edge. The Child-Langmuir law relates the voltage
drop across the sheath V', the sheath thickness s, and ion current density J,

through the sheath by the following equation:

_de [ 2e V3

J
9V m, s2

(5.2)

The Child sheath width is larger compared to the matrix sheath width due to
the fact it considers the decreasing ion density in the sheath. This model is
most accurate for cases when the sheath voltage is very highly negative with
respect to the plasma potential since electrons will be fully repelled from the

sheath region[96].
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5.4 Lieberman Model

Lieberman[97] provides an analytical model for a capacitive RF sheath driven
by a single frequency sinusoidal RF current source from which the time-
averaged plasma parameters can be determined. It is assumed ions enter the
sheath with the Bohm velocity, vp, and that their motion within the sheath
is collisionless. The ions respond only to the time-average electric field while
the electrons respond to the instantaneous electric field. Lieberman uses a
step model for the electrons, assuming the electron density drops sharply
from n, =~ n; on the plasma side of the electron sheath to n. ~ 0 on the
electrode side. The electron sheath oscillates during the RF' cycle between a
maximum and minimum sheath width. Lieberman derives the fundamental
equations of the RF sheath given by Eq. 5.3 and Eq. 5.4:

e  Jy

dx EQWT

(sin g — ¢ cos @) (5.3)

dp  (1—29/T,)~/?
dr So sin ¢ (54)

where @ is the time-average potential within the sheath, Jo is the current
density, ¢ = wt, $; is the sheath oscillation amplitude given by sy = J, Jewny.
From these equations Lieberman expresses the sheath quantities as a function
of a single dimensionless parameter H, given by Eq. 5.5.
=2

Jo

= 2T,
ENOTEQW KRB L ¢

(5.5)

A limitation of this model is the exclusion of electron particle current to the

electrode. The use of a step model can restrict application since it fails when
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5.4 Lieberman Model

Vrr >> kpT./e is not met and since it considers the electric field in the

sheath, and not in the plasma, raises an issue with boundary conditions.
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5.5 Turner-Chabert Model

One of the limitations of Lieberman’s model is the fact it deals with an
RF sheath excited by a single frequency only, which is not applicable to
many modern-day experiments. Turner and Chabert[98] present a simple RF
sheath model that can be solved for arbitrary excitation waveforms that still
agrees with Lieberman’s model for single frequency excitation. Their model
is a simplification of Lieberman’s using the ansatz that the time-averaged
electron density is a constant fraction of the ion density, represented by Eq.
5.6. This introduces an appropriate amount of electron space charge but

approximates the spatial distribution of this charge.

where

e is the time-averaged electron density, n; is the ion density, V is the time-
averaged sheath voltage and Vj is the maximum sheath voltage. By use of
this approximation, it allows the treatment of arbitrary excitation waveforms
without affecting the accuracy of the model. Cases for dual-frequency and
pulse-like waveforms are considered, and it is shown that the error introduced

by this approximation is small.
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5.6 Simulation Results

The following simulation results are based on the parameters described in
Chapter 4, summarized in Table 4.1. We compare sheath voltages, ion cur-
rents and sheath widths from our simulations with model predictions to de-
termine it’s applicability in describing the magnetized situation. Our data
is obtained by changing the magnetic field angle and calculating the param-
eters mentioned above for each value of #. We expect magnetized electrons,
unmagnetized ions, and weak collisional effects in the sheath. For each case,
we compare our simulation results to the model predictions to see how far
the model can hold for different magnetic field strengths and magnetic field
angles. The ability to describe the complicated situation of a magnetized

sheath with a simple model would prove useful in terms of modeling.
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5.6.1 Comparison of voltages

The maximum sheath voltage, Vj, and mean sheath voltage, V, according to

the model are given by:

2J08m
Vo=——""— 0.8
° Kcapweo ( )
V =¢V, (5.9)

where Jp is the current density, s, is the sheath width and K4, is a dimen-
sionless parameter given by K.q,= 4/3.

Again, we consider the three different pressure cases (1.035, 2, and 4 Pa),
where the magnetic field strength is varied as we scan the magnetic field
angle, 8. We plot the magnetic field angle as a function of H given by Eq.5.5.
A similar trend is observed in all cases. In general, for # < 80°, the model
and simulation data agree well, with the model predicting slightly higher
sheath voltages. For § > 80°, there is a dramatic shift in the sheath voltages,
with both the model and simulations predicting this shift, as can be seen in
Figures 5.1 - 5.3. However, it is more prominent for the 2 and 4 Pa cases.
It appears that for angles greater than 80°, there is a dramatic drop in the
sheath voltage as the magnetic field becomes more oblique, even under the
exotic circumstances where the resonance is present. As a result, we can
conclude that this simple model has the ability to describe the magnetized

situation quite well.
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Figure 5.1: Comparison of sheath voltages from simulation and model pre-

dictions. Points represent the simulation data while the solid line presents

the model predictions for maximum(red) and mean(blue) sheath voltages.

For 3 different magnetic field strengths: 12mT (top), 15mT (middle) and

20mT (bottom) at 1.035Pa.
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Figure 5.2: Comparison of sheath voltages from simulation and model pre-
dictions. Points represent the simulation data while the solid line presents
the model predictions for maximum(red) and mean(blue) sheath voltages.
For 3 different magnetic field strengths: 12mT (top), 15mT (middle) and

20mT (bottom) at 2Pa.
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Figure 5.3: Comparison of sheath voltages from simulation and model pre-

dictions. Points represent the simulation data while the solid line presents

the model predictions for maximum(red) and mean(blue) sheath voltages.

For 3 different magnetic field strengths: 12mT (top), 15mT (middle) and

20mT (bottom) at 4Pa.
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5.6.2 Comparison of currents

Next, we compare the ion current in the simulation with the prediction of

the model to further test its applicability. The ion current in the model is

given by:
Ji= K52 24e : &V )% (5.10)
' ‘52 \ my 0 '

where K; = 4/9¢. Figures 5.4-5.6 show the comparison between the model
predictions and simulation results. For the lowest pressure, the model and
simulation agree reasonably well up to and including resonance occurring,
less so as we increased the magnetic field strength, see Figure 5.4. Increasing
the pressure (2 Pa), we can see a deviation between the model and simulation
results for the angles where resonance occurs, Figure 5.5. At this point, one
could almost suggest that the model cannot be applied when resonance is
present. However, when we further increase the pressure (4 Pa), it is realised
that it is not the resonance that the model cannot describe, but rather angles
0 > 87°, i.e., grazing angles with the plates. For the 4 Pa case, simulations
found no resonance for the 12mT case and 15mT case despite considering a
range of angles up to and including § = 87°, For instance, for 12mT case
0 = 87° represents the point where the simulation and model are visibly
diverging, Figure 5.6 (top), and for the 15mT case similar situation occurs
for 6 = 87.2°, Figure 5.6 (middle). Whereas, for the 20mT case, we found
resonance at 6 = 87,87.2,87.3°. We do not see this deviation in the lowest
pressure case since resonance occurs for § < 87°. As a result, we can conclude
that while the model may be applied to the magnetized situation, it may be

limited when it comes to describing grazing angles with the plates.
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Figure 5.4: Comparison of ion current in the simulation with model predic-

tions. Points represent the simulation data while the solid line presents the

model predictions for 3 different magnetic field strengths: 12mT (top), 15mT
(middle) and 20mT(bottom) at 1.035 Pa.
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5.6.3 Comparison of sheath width

From the model the sheath width is given by:

K,J3?
Sy = ——S0 (5.11)
ge€okpTw3ng

with K, = 4£/3. As discussed in Section 2.3.6, we consider three different
definitions of the sheath edge location. Therefore we offer a comparison
of each of these definitions with the sheath width predicted by the model.

Recalling these definitions as the following:

1. Charge Compensation(CC): The point where the positive space charge
in the sheath, n,, exactly compensates the negative surface charge,

—o, and the electric field is zero:

sheathedge
/ ny(z)der = —o (5.12)

lectrode

2. Bohm Condition(BC): The point at which ions reach the Bohm veloc-

ity:

kT,

up =

(5.13)
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3. Ton Current(IC): Using the sheath edge ion density, ns, implied by the

ion current, J;, to determine the sheath edge:

Ji = ensup (5.14)

For the 1.035 Pa case, while the model and simulation differ slightly, they
both still predict a decreasing sheath width as the angle with the plates
becomes more shallow, with the model predicting a smaller sheath width
overall for all three definitions, as can be seen in Figure 5.7. Also, both the
simulations and model predict a rapidly varying sheath width according to
the BC sheath definition as the angle becomes very shallow. For the 2 Pa case,
we see a better agreement between the simulation data and model predictions.
However, the model predicts a sheath collapse, for each definition of the
sheath width, where resonance occurs, shown in Figure 5.8. While for the
4 Pa case, no resonance is found for the 12 mT and 15 mT case, the model
predicts smaller sheath values than the simulations. For the 20 mT case,
where resonance occurs for § = 87,87.2,87.3° again, the model predicts a
sheath collapse, Figure 5.9. As a result, from this comparison, we determine
that while the model offers reasonable predictions for sheath width in this
magnetized situation, it appears to be less dependable in the presence of

resonance.
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Figure 5.7: Comparison of sheath widths from simulations with model pre-
dictions. Points represent the simulation data while the solid line presents
the model predictions for 3 different magnetic field strengths: 12mT (top),
15mT (middle) and 20mT (bottom) at 1.035 Pa.
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Figure 5.8: Comparison of sheath widths from simulations with model pre-
dictions. Points represent the simulation data while the solid line presents
the model predictions for 3 different magnetic field strengths: 12mT (top),
15mT (middle) and 20mT (bottom) at 2 Pa.
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Figure 5.9: Comparison of sheath widths from simulations with model pre-

dictions. Points represent the simulation data while the solid line presents

the model predictions for 3 different magnetic field strengths: 12mT (top),
15mT (middle) and 20mT (bottom) at 4 Pa.
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5.7 Conclusions

Following the comparison of this simple model with our simulation results,
based on predictions of (i) sheath voltages (ii) ion currents and (iii) sheath
widths, we can conclude that this simple sheath model appears adequate to
describe the magnetized situation, but it has limits. The presence of the
magnetic field has made no appreciable difference to the model predictions
provided 6 < 80°. Therefore, it appears that RF sheaths can be adequately
described by simple models (that ignore the magnetic field), in the presence
of an oblique magnetic field, but less so for grazing magnetic field angles or
exotic circumstances such as resonance. We arrive at this conclusion due to
the fact that for the current comparison study, the discrepancies between
model and simulation occurred for # > 87°, regardless if resonance is present
or not. While for the sheath width comparisons, the discrepancies appear
to be directly linked to the resonance. This suggests that the use of such
simple models as sheath boundary conditions for models that consider the

entire device may prove useful.
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CHAPTER 6

Experiment and Simulation Study

6.1 Experimental Work

This chapter includes experimental work provided by a collaboration with
the group at the Institute of Plasma Research (IPR), Gandhinagar, Gujarat,
India, to further enhance our study of magnetized sheaths in RF-CCP dis-
charges. As we have emphasized, simulations have become an indispensable
tool in plasma physics research. However, one must remember that simu-
lations are imperfect models, and in a sense, can only be deemed reliable
in conjunction with experimental results. At the same time, experimental
results are known to be subject to significant uncertainties and errors[99].
In this sense, simulations and experiments can be seen as complementary to

one another, which was the goal of this collaboration.
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6.1.1 Experimental Setup

The RF-CCP experimental setup consists of two rectangular plates, 10 cm
wide and 40 cm long, housed in a cylindrical glass vacuum chamber that
is evacuated by a turbo molecular pump and a mechanical backing pump.
The distance between the plates can be varied between 2-8 cm and they
can be rotated so to have different angles with the magnetic field. For the
experimental results presented throughout this chapter the magnetic field is
kept parallel to the plates and the plate separation is fixed at 8 cm. The
magnetic field is generated by a pair of electromagnet coils and is uniform
along the length and width of the discharge, with a maximum achievable
field strength of 50 mT. The RF voltage is driven at a frequency of 13.56
MHz for this experiment. The plates are capacitively driven in a push-pull
configuration using a 1:1 center-tap ferrite transformer. The center tap 1:1
transformer was designed to give the floating RF voltage to the electrodes.
Instead of giving +/- to one plate and ground to other plate, +/- will be
provided to both plates, but 180 degrees out of phase and the ground (zero)
will be at the center of the discharge. When dealing with an RF power supply
extra attention is needed regarding grounding. The RF power supply and
the match box are grounded through high value of inductor. The inductors
are placed in the ground path to block RF component and allow only DC
to pass through. The inductor is made with a ferrite core with a winding of
Teflon coated wire[100][6]. The experimental setup is depicted in detail in
Figures 6.1 and 6.2.
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Figure 6.1: Schematic of the experimental setup of RF-CCP system provided

by the group at IPR, India.

RF Power
supply
| 1

Matching
network

Oscilloscope B
4

Figure 6.2: Schematic of the experimental setup of RF-CCP system taken
from [6]. 1: Electromagnetic coils, 2: Teflon support, 3: SS parallel plates,
4: glass chamber, 5: high voltage copper feedthrough, 6: ferrite transformer,

7: voltage probes, and 8: current transformer.

96



6.1 Experimental Work

6.1.2 Experimental Diagnostics

Temperature is among one of the most important parameters of a plasma and
so we focused on obtaining a comparison between simulation and experimen-
tal measurements. For the experiment, an emissive probe was applied along
the center of discharge to obtain a spatially resolved measurement of the
electron temperature, T,. The probe consists of a tungsten filament which
measures floating potential when cold and measures the potential very close
to the plasma when heated sufficiently[101]. The electron temperature is cal-
culated using the floating, V, and plasma potential, V,,, since the difference
between them provides sufficient potential that is responsible for the velocity
of the electrons. As a result, the following equation was used to determine

the electron temperature:

m; 1/2
Vo= Vy =TI (6.1)

T,

The probe is pushed into the center of the plasma through a fine slit on the
top electrode. The first measurement was taken at 0.5 cm away from the
electrode, while the rest of the readings were taken at an interval of 1 cm,

overall scanning a total of 6.5 cm.
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6.1.3 Experimental Results

The experiments considered two cases : (i) no magnetic field and (ii) a parallel
magnetic field, at two different pressures, 1 and 4 Pa. The working gas was
chosen to be Argon. The plate separation was kept constant at 8 cm for both
cases. Voltages of approximately 50-60 V were obtained for magnetized case,
and 200 V for non-magnetized case. For obtaining the discharge voltage,
the voltage between the two plates was measured using a textronix voltage
probe. While the current is measured using a current transformer placed at
one of the coaxial line going to discharge plate. All discharge voltage and
current are RMS values. For the magnetized cases, a parallel magnetic field
of 7 mT is applied and electrons can be assumed to be weakly magnetized

while the ions are not. The power going into to plasma was calculated by
P = V,nslims cost (6.2)

where # is phase between voltage and current. It was necessary to calculate
the power in this way since it was found, especially for the magnetized case,
that the RF generator experienced high reflection and often did not give
correct readings. For example, for a set power of 20 W, it was found that

only 11 W was actually being transferred to the discharge.
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6.1.3.1 No Magnetic Field

The first experiment involved the measurement of 7, in an un-magnetized
discharge at 1 and 4 Pa. It was found that T, appears to remain constant
throughout the bulk with a sharp increase near the plates as shown in Figure
6.3. The increase in T, near the plates is attributed to the fact that stochastic
heating is dominant near the sheaths while ohmic heating is dominant in the
bulk. This trend is similar for both 1 and 4 Pa cases, with an overall reduced
temperature in the 4 Pa case which is expected with increasing pressure, due

to the higher collisionality.

6.1.3.2 Parallel Magnetic Field

A magnetic field of 7TmT is applied parallel to the plates, such that the
electrons can be considered weakly magnetized while the ions are not. The
presence of the magnetic field results in an inhomogeneous plasma. A step-
like density profile between the plates was observed experimentally, which
was attributed to the I x B drift motion of electrons in the bulk plasma.
In the presence of the parallel magnetic field, T, exhibits a V-shaped profile
resulting from a falling trend from near sheath regions to the center of the
discharge. When the pressure is increased this profile gets slightly skewed, as
can be seen in Figure 6.5. This indicates that the discharge is not uniform in
the bulk due to drifts of charged particles and this drift is further hindered

as the pressure is increased.
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Figure 6.3: Experimental measurements of T, with no applied magnetic field

for 1 Pa (top) and 4 Pa (bottom). Measurements were taken by an emissive

probe over 6.5 cm.
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netic field of 7 mT, for 1 Pa (top) and 4 Pa (bottom), taken with an emissive

probe.
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6.2 Comparison of 1D Simulation Results with

Experimental Data

All simulation results presented in this section are based on our 1D elec-
trostatic PIC code, MagPIC, described in Chapter 2. In comparison with
the experiment conducted by the group in IPR, MagPIC represents a dras-
tic simplification since it cannot account for any multi-dimensional effects.

Simulation parameters are given in Table 6.1.

Simulation Parameters
Un-magnetized | Magnetized
Driving Voltage (V) 100 100
Electrode gap (m) 0.08 0.08
Driving frequency (MHz) 13.56 13.56
Pressure (Pa) 1/4 1/4
B-field strength (T) - 0.07

Table 6.1: Simulation parameters used in 1D MagPIC for comparison with

experiment for un-magnetized and magnetized cases.

102




6.2 Comparison of 1D Simulation Results with Experimental Data

6.2.0.1 No Magnetic Field

For the unmagnetized case, at both 1 Pa and 4 Pa, the simulation and ex-
perimental data show similar trends of an almost constant electron temper-
ature throughout the bulk plasma and an increase towards the plates near
the sheath region. As previously mentioned, this is to be expected due to
stochastic heating due to the sheath, which is the dominant heating mech-
anism at low pressures. Although, experimentally a higher 7T, is measured

near the plates compared with simulation data.

6.2.0.2 Parallel Magnetic Field

When the parallel magnetic field is applied, an overall increase in bulk T,
is observed, compared to the un-magnetized case. However, as can be seen
from Figure 6.6, there is a significant difference in the 7, profiles given by the
simulation and experimental data for the magnetized case. In the simulations
the trend seems to be consistent with the un-magnetized case showing a
constant bulk 7T, where as in the experimental case a linear gradient appears
to form, creating an increase in 7T, from the center of the discharge towards
the plates. This feature is not seen in the simulation results, which may

indicate the limitations of a 1D comparison.
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6.3 2D MagPIC

MagPIC was extended into 2D and some preliminary simulations were per-
formed. The outcome of which have suggested that a comparison of 1D
MagPIC simulations with experimental results is not likely to be useful since
multi-dimensional effects in the experiment are too pronounced.

In 2D MagPIC, the spatial variation in both the x and y direction is now
considered. The simulations are set up with grounded end plates, and push-
pull voltages on the other faces. The basic simulation parameters are shown

in Table 6.2.

Simulation Parameters 2D MagPIC

Case 1 Case 2
Driving Voltage (V) 400 120
Electrode gap (cm) 8 8
Wall to wall gap (cm) 4 4
Driving f (MHz) 13.56 13.56
Gas Density (m?) 5 x 102! 5 x 10%
B-field strength (mT) 5 5
B-field angle (°) 24 24

Table 6.2: Simulation parameters for preliminary 2D MagPIC simulations.

While these preliminary simulations do not closely align with the IPR exper-
imental conditions, they do indicate that good agreement between the 1D
MagPIC simulation results and experimental data should not be expected.
A particular observation in the 2D simulations is that of strong heating to-

wards the edges of the plasma, as can be seen in Figure 6.7. Consequently,
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this suggests that a 1D simulation would not be able to correctly predict the
heating relative to the experimental observations.

Upon performing further 1D simulations with nominally the same condi-
tions as the preliminary 2D simulations, we compared the mid-plane densi-
ties. Figure 6.8 shows the evolution of the plasma density over 1 RF cycle
from the 2D simulations. Here the mid-plane density is typically around
1 x 10*®m =3 while the bulk density shows shifting in the y-direction over an
RF cycle. Figure 6.9 shows the average plasma density over 1 RF cycle from
1D simulations. In this case, the mid-plane density is around 5.5 x 103m =3,
significantly less that the 2D value. The discrepancies between the 1D and 2D
simulations results further raises concern with the validity of comparing 1D
simulations with experimental data. In 1D simulations there are no bound-
aries in the y or z directions so no side losses of the plasma are accounted
for, which means the simulation can over-estimate the plasma density in com-
parison with experimental results. Comparing the electron fluxes produced
by the 1D, Figure 6.11 and 2D simulations, Figure 6.10 further shows more
complicated behaviour in the 2D case, mostly like due to the effect of the
end plates. That being said, 1D models are still valuable in understand-
ing different phenomena but for this work multi-dimensional effects are too

pronounced.
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Figure 6.7: Evolution of heating of the edge plasma at various stages over 1
RF cycle for Case 1 described in Table 6.2. Evolution occurs from top left

in clockwise direction.

108



6.3 2D MagPIC

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

0.04
2x1013 2x1015
0.035
1.5x10 1 003 1.5x10 1%
X = X <
0.025
1x101% 0.02 1x101%
0.015
5x1014 0.01 5x1014
0.005
0 0 0

0 001 0.02 0.03 004 005 0.06 0.07 0.08 0 0.01 002 0.03 004 0.05 0.06 0.07 0.08

0.04
2x1013 2x1015
0.035
0.03
1.5x10 1 1.5x10 1t
0.025
1x1015 0.02 1x1015
0.015
5x1014 0.01 5x1014
0.005
0 0 0

0 001 0.02 003 004 005 0.06 0.07 0.08 0 0.01 002 0.03 004 0.05 0.06 0.07 0.08

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

Figure 6.8: Evolution of the plasma density (m™3) at various stages over 1
RF cycle for Case 1 described in Table 6.2 from 2D simulations. Evolution

occurs from top left in clockwise direction.

109



6.3 2D MagPIC

7e+13
6e+13 [
«  Se+13f
4e+13 T

3e+13F

Plasma density (m

2e+13[

1e+13 [

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 6.9: Average plasma density over 1 RF cycle from 1D simulations

with nominally the same parameters as 2D case.

110



6.3 2D MagPIC

oos om0
0.03 2x1020 0.03 2x1020
0.025 1x10%® 0,025 1x10%°
0.02 0 0.02 0

0.015 _1x1020 0.015 _1x1020
0.01 2x1020 0.01 2x1020
0'0050 -3x1020 U'UU‘; -3x1020

0 0.01 0.02 0.03 004 0.05 0.06 0.07 0.08 0 001 0.02 003 0.04 005 006 0.07 0.08

0.04 0.04
20 20
0.035 Ix10 0.035 310
20 20
0.03 2x10 0.03 2x10
0.025 1x102° 0.025 1x10%°
0.02 0 0.02 0
0.015 Ax102°  0.015 1x1020
0.01 2x1020 0.01 2x1020
0.005 0.005
o -3x1020 o -3x102°

0 001 0.02 0.03 004 0.05 0.06 0.07 0.08 0 001 0.02 003 0.04 005 006 0.07 0.08

Figure 6.10: Evolution of heating of the electron flux at various stages over
1 RF cycle for Case 1 described in Table 6.2. Evolution occurs from top left

in clockwise direction.

111



6.3 2D MagPIC

6e+16
de+16f
YT |
o
£
3 o1
c
S
8 -2e+16}
L
-de+16 T
eer16 \ \ \ \ \ \ \
0 001 002 003 004 005 006 007 0.08
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6.4 Discussion and Conclusions

The simulation results offer reasonable agreement with the experimental re-
sults for the non-magnetized case. The experimental values are roughly a
factor of 2 higher than the simulation values. This proves the marginal va-
lidity of MagPIC, for the un-magnetized situation. When the parallel mag-
netic field is applied, an increase in bulk 7, is observed in both experiment
and simulations, compared to the un-magnetized case. In the simulations the
trend seems to be consistent with the un-magnetized case showing a constant
bulk T, where as in the experimental case a linear gradient appears to form
creating an increase in 7, from the center of the discharge towards the plates.
One possible explanation for this inconsistency between the experimental and
simulation data for the magnetized case, is due to the E x B drifts as the
1D simulation can not completely take this effect into account. With a 1d3v
PIC model, only the plasma in the domain parallel to the magnetic field
is represented. Application of the magnetic field results in a non-uniformly
distributed plasma so at least a 2d3v model is needed to describe the magne-
tized case. This is further suggested from preliminary simulations performed
by 2D MagPIC whereby we examine the bulk densities, heating and fluxes
and compare with 1D simulation results with nominally the same conditions.
This examination highlights that a 1D comparison with experimental results
should not provide good agreement since multi-dimensional effects cannot be

captured by the 1D simulation.
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CHAPTER [/

Conclusions

The objective of this research work is to contribute to the understanding of
RF sheaths in the presence of oblique magnetic fields. We have investigated
the behaviour of magnetized RF sheaths in a single frequency capacitive
discharge primarily with a 1d3v PIC code, MagPIC developed at DCU.
The heart of this thesis is concerned with an effect induced by the appli-
cation of an oblique magnetic field, namely the magnetized series resonance
phenomenon, in a single frequency CCP discharge (Chapter 3). In conven-
tional, single-frequency CCPs the ion fux and energy are coupled and cannot
be independently controlled. The ion energy at the surface determines the
type of interaction between the plasma and surface, while the ion flux con-
trols the rate of the process therefore independent control of these parameters
is desired in plasma processing applications. Following a discussion of some

already known methods in over-coming this limitation with single frequency
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CCPs, we propose an alternative method through the use of the magnetized
series resonance effect whereby the ion energy and flux can become decou-
pled. An advantage of our proposed method includes the fact that it requires
only a single frequency, and that frequency can be low so that electromag-
netic effects are not an issue. This motivated the construction a simple model
of a magnetized RF-CCP discharge based on coupling a global model and a
cold electrical model driven by our simulation results.

We also emphasized the importance of modeling within plasma physics
research, particularly PIC modeling when considering the sheath behaviour.
There are numerous models of RF sheaths and we briefly touched on some.
We then investigated how far conventional simple RF sheath models that
do not consider a magnetic field, can be applied in the magnetized situation
(Chapter 4). It was found that to a certain extent they can describe the
magnetized situation adequately but they have their limits. For this particu-
lar study, it appears that RF sheaths can be adequately described by simple
models in the presence of an oblique magnetic field, but less so for grazing
magnetic field angles, i.e., # > 80°, which corresponds to angles less than 10°
with a surface, or exotic circumstances such as the presence of magnetized
resonance. We arrived at this conclusion following an comparison of sheath
voltages, currents and sheath widths predicted by the model and those cal-
culated by our simulation results. This suggests that the use of such simple
models in fusion research, as sheath boundary conditions for models that
consider the entire device may prove beneficial.

Part of this thesis involved an elementary comparison between an ex-
perimental RF-CCP discharge constructed by the group in IPR, India, and
simulation results provided by our 1D MagPIC code (Chapter 5). We ex-

amined the measurements of electron temperature obtained experimentally
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via an emissive probe with the predictions of the simulation results for both
the un-magnetized case and magnetized case, at two different pressures. The
agreement between the simulations and experimentally measured data is rea-
sonable, for the un-magnetized cases. While there were obvious discrepancies
comparing the magnetized cases. These discrepancies have been attributed
to the ExB drift, which is not accounted for in 1D simulation, thereby sug-
gesting that a 1D comparison with experimental results will not prove useful.
This idea was further reinforced by preliminary 2D simulations, although sim-
ulations did not closely align with the IPR experimental conditions, they still
indicated that good agreement between the 1D MagPIC simulation results
and experimental data should not be expected.

Future work could include further investigation in to the use of the mag-
netized series resonance effect in obtaining independent control of ion flux
and energy - i.e., determining the optimal discharge conditions. While also

simulating this effect with 2D MagPIC.
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