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Abstract

The density of transistors continues to increase, which requires the manufacturing of microchips
to have a high degree of accuracy. To achieve this, the industry uses plasma based atomic layer
etching and deposition processes for the modification of the microchip. However, they use a
large amount of energy that releases greenhouse gases that harm the environment. As such,
this thesis investigates the effect of varying several input parameters on the input energy per
particle fluxed to the surface. This is achieved by utilising a zero-dimensional plasma chemical-
kinetics numerical global model with an extensive chemical-radiative reaction scheme to model
a cylindrical pulsed powered inductively coupled Ar/O2 plasma reactor.

The energy per Ar+ fluxed, in a 100% argon plasma, increases minimally with frequency, de-
creases with duty cycle and reaches a minimum with pressure at 1 Pa and is constant with
average power. Additionally, in a 90% argon 10% oxygen plasma, the energy per atomic oxy-
gen fluxed decreases with pressure and increases with average power. Furthermore, the energy
per ground and excited states of atomic oxygen fluxed are generally similar to each other. The
energy per O+ fluxed decreases with average power and reaches a minimum in pressure, which
shifts to higher pressures as the average power increases. The energy per O+2 fluxed reaches a
minimum at 5 Pa and increases with average power.

In conclusion, for Ar+ the energy can be decreased using a high duty cycle and a low pressure
of 1 Pa. For atomic oxygen, the energy can be decreased using high pressure and low average
power. For O+ the energy can be decreased by increasing the average power and selecting the
pressure with optimal surface flux. Finally, for O+2 the energy can be decreased using a pressure
of 5 Pa and increasing the average power.
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Chapter 1

Introduction

This chapter outlines the history and importance of semiconductors, introduces semiconduc-
tor manufacturing techniques, and discusses the theory behind nonequilibrium plasmas, and
argon-oxygen plasma chemistry.

1.1 Importance of Semiconductor Manufacturing

Semiconductor microprocessors are vital for the daily running of the modern world. They are
used in everything from laptops to cars to life-saving medical equipment. They are so impor-
tant to the running of the modern world that Furber in 2017 described them as "The engines
of the digital age" [1]. This instils recognition of how essential semiconductor manufacturing
processes are to the functionality of the digital world. The basic building blocks of semiconduc-
tor microprocessors are transistors, which are electronic switches that allow for binary logic,
which is essential for digital computation. Since the first transistor was made in 1947, more
than 1.3 × 1022 transistors have been manufactured, making them the most produced item
ever made by humanity [2]. Such large numbers emphasise the importance of grasping and
improving the manufacturing techniques used to create microprocessors.

1.1.1 Evolution of Semiconductor Microchips and Moore’s Law

In the early years of microchip manufacturing, Intel Co founder Gordon E. Moore noticed that
the number of transistors on a single microchip doubled every 2 years, which has become
known as Moore’s law [3]. This trend has persisted for over 50 years since 1965 as can be seen
in figure 1.1. This has led to incredible increases in the density of transistors in microchips,
increasing from 190 to 136 million transistors per square millimetre, with the physical space
between each transistor approaching a few atoms thick [4, 5]. The small distance between each
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2 CHAPTER 1. INTRODUCTION

transistor allows quantum tunnelling to become a problem, Where the electrons can ignore the
binary state of the transistor and flow anyway, breaking the binary logic calculations inside
the microchip. This requires atomic level accuracy for manufacturing processes, as even an
additional atom thick layer being removed could lead to quantum tunnelling [6].

Figure 1.1: Number of transistors on a single chip from 1970 to 2020. Reproduced from Roser
et al. (2023) [7], Our World In Data, licensed under CC by 4.0,

https://ourworldindata.org/moores-law

1.1.2 Environmental Impact

As the number of devices produced each year skyrockets, the amount of energy used in pro-
duction increases. Couple that with the energy-intensive nature of the atomic-scale processes
required for the latest high-density microchips, the energy used by advanced microchip man-
ufacturers is increasing drastically. The increased energy consumption of these manufacturing
plants comes with a growing environmental impact in the form of increased greenhouse gas
emissions. This can be seen in figure 1.2 where the greenhouse gas emissions and energy con-
sumption of Taiwan are chosen as Taiwan manufactures 92% of logic semiconductors smaller
than 10 nanometres [8].

https://ourworldindata.org/moores-law
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Figure 1.2: Greenhouse gas emissions each year (Left) and Energy consumption each year
(Right) of TSMC and fifteen other Taiwanese electronic component manufacturers between
2015 and 2020. Reproduced under fair dealing for academic purposes from Roussilhe et al.

(2024) Journal of Industrial Ecology [9] © International Society for Industrial Ecology / John
Wiley & Sons

In today’s world, keeping rising energy consumption and greenhouse gas emissions under con-
trol is not only important for the cost of production but also vital to maintaining the environ-
ment to help combat climate change [10, 11]. As such, this thesis will focus on investigating the
efficiency of power used for atomic-scale plasma processes used in the production of microchips
to gain an understanding of how to most effectively drive these processes.

1.2 Atomic Layer Material Processing

Modifying the surface of semiconductors is critical for the production of microchips. The re-
moval of material, otherwise known as etching, is used to create complex structures required
for transistors and channels for wires. The deposition of material is required to build transistors
and wires within the circuit and to insulate the components. Therefore, performing these pro-
cesses as accurately and efficiently as possible is key to producing fast microchips while keeping
energy consumption to a minimum [12].

1.2.1 Etching

Etching uses masks, chemicals and ions to selectively remove layers of material creating chan-
nels in the semiconductor material. The manufacturing industry has implemented many meth-
ods of etching, with three main methods to note. One uses liquid chemicals to react with the
surface and remove material, another uses plasma to produce ions and reactive neutrals to con-
tinuously etch the surface, known as reactive ion etching (RIE). Finally, atomic layer etching
(ALE) utilises a two stage cycle to first modify the surface using a reactive chemical and then
the second step uses a plasma to etch the surface in a self-limiting manner. [13, 14].
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Chemical and Reactive Ion Etching

Chemical etching works by first creating a mask that outlines the area of the desired structures
and covers the rest of the area so that the desired semiconductor material is not removed.
Afterward, etching is achieved by covering the material in a liquid chemical that will selectively
dissolve the semiconductor but not the mask, leaving behind channels in the desired structure
shape [13]. The advantages of chemical etching are high etch-rate, simplicity and low cost.
However, there are some serious drawbacks to this method as microchips continue to shrink
and increase in complexity [13]. The main problem with chemical etching is the impreciseness
of the etch. Chemicals dissolve the semiconductor isotropically, which leads to the etch forming
a semicircular shape as seen in figure 1.3b instead of the desired rectangular shape [14]. This
makes the etches width at its widest point more than twice the depth of the etch significantly
decreasing the density of structures on the semiconductor and, therefore, transistors inside the
microchip. Other problems with chemical etching are the lack of selectivity in what the chemical
dissolves, potentially affecting different layers and materials already on the microchip, and the
lack of control in the number of layers etched due to the continuous nature of the etching
method.

Reactive ion etching (RIE) works by still using a mask; however, instead of using reactive chem-
icals, it uses a partially ionised plasma glow discharge [15]. This glow discharge provides ener-
getic ions and reactive neutral chemical species, which react simultaneously and continuously
on the surface. Reactive neutrals modify the surface to form a reactive surface with a lower
energy barrier to remove [15]. The energetic ions then react with the surface with enough en-
ergy to physically sputter the reactive surface layer away. The ions inside the plasma source are
accelerated through an electric field that provides the energy to physically sputter atoms, and
the directionality of the electric field accelerates ions normal to the semiconductor, therefore
providing the desired anisotropic etching [13, 15]. This provides sharper and more vertical
etches, allowing structures to be placed closer together, as shown in figure 1.3c. However,
while reactive ion etching provides high etch rates and directional etching, the continuous and
simultaneous nature of the process comes with some limitations. The continuous and simul-
taneous nature of the process produces a thick mixed layer made up of reactant and substrate
atoms and voids that have been shown to penetrate more than 20 nm into the surface, whilst
making it difficult to precisely control the number of layers etched across the surface. [15–17].

Plasma ALE

To overcome the drawbacks of chemical etching and RIE, plasma-based ALE has been devel-
oped. Plasma ALE still uses a mask to outline the desired structure and a plasma based ion
source, but instead of applying reactive neutrals and energetic ions simultaneously, they are
applied separately to produce a self-limiting reaction [15]. The surface is first modified by the
reactive neutrals, which creates a thin reactive layer with a consistent thickness that is easier to
remove than the unmodified material. Secondly, in a separate independent reaction the mod-
ified layer is removed by the energetic ions, whilst the unmodified material underneath is left
intact in a near perfect state as shown in figure 1.4 [15].



1.2. ATOMIC LAYER MATERIAL PROCESSING 5

(a)

(b)

(c)

Figure 1.3: Depicts A semiconductor before etching (a), A semiconductor after an isotropic
chemical etch (b) and A semiconductor after an anisotropic plasma etch (c). Reproduced

under fair dealing for academic purposes from Roth Et Al. (2001) Industrial Plasma
Engineering Vol 2 [14] © IOP Publishing Ltd
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Figure 1.4: Depicts the steps of ALE, with reaction A being the first step involving reactive
neutrals and reaction B being the second step involving energetic ions. Here, (a) is a generic

concept and (b) is silicon example. Adapted from Kanarik Et Al. (2015) [15], Journal of
Vacuum Science & Technology A, licensed under CC by 3.0

The two steps can be repeated with each cycle, removing a thickness of modified material which
is precise to the atomic layer and, therefore, allowing the depth of the etch to be set by the
number of repeated cycles. The directionality of the ions still provides the desired anisotropic
etch as shown in figure 1.3c. Additionally, the separation of reactions in ALE has been shown
to avoid the formation of the thick mixed layer present in RIE, allowing greater precision in
the etch [15]. Due to the energy required to etch the modified and unmodified material, ions
inside the plasma are required to have an energy that is inside the ALE window [15]. This can
be illustrated by figure 1.5. Here, in regime I, the ion energy is lower than the energy required
to etch the modified material, leading to incomplete removal of the material. In regime III the
ions energy is higher than the energy required to etch the unmodified material; as such, this
leads to extra sputtering of the material, reducing the surface quality. Finally, in regime II the
ions are in the energy window, which means that they have enough energy to etch the modified
material but not enough to etch the unmodified material, creating a perfect uniform surface
[15]. Therefore, the energy of the ions produced by the plasma needs to be considered when
analysing the fluxes of ions for use in ALE to ensure that the ion energy is such that they will
remove the modified material whilst leaving the unmodified material intact.

1.2.2 Deposition

Deposition uses reactants to modify the surface of the semiconductor to deposit the desired ma-
terials onto the surface. The manufacturing industry has implemented three particular methods
that are notable. Chemical vapour deposition (CVD) uses a contentious flow of reactants and
a high temperature of the surface to deposit materials. Plasma enhanced chemical vapour de-
position (PECVD), which uses a plasma to create more reactive radical neutral particles, which
can then more easily react with the surface. Atomic layer deposition (ALD) uses a repeatable
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Figure 1.5: Depicts an energy scan of the ALE removal step. Reproduced from Kanarik Et Al.
(2015) [15], Journal of Vacuum Science & Technology A, licensed under CC by 3.0

two stage cycle to deposit materials in a self-limiting manner [18–20]

Chemical Vapour Deposition (CVD)

CVD works by using a continuous flow of reactants onto the surface that use their thermal
energy and the temperature of the surface to overcome the activation energy of the reaction
to produce the desired surface material. This method works well for simple structures and
materials; however, there are drawbacks to employing this method to modern microchip man-
ufacturing. The main drawback is the high temperature required for the thermal energy of the
reactants and surface, which limits the compatibility with different materials. These materials,
such as doped layers, low melting point metals and low-k dielectrics, which are essential to the
construction of modern microprocessors, are thermally sensitive and degrade, shrink, melt, or
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diffuse at high temperatures [18, 20]. Therefore, the use of advanced materials needed for the
production of advanced microprocessors would be impossible or would have degraded prop-
erties with the use of CVD. Some of the disadvantages of CVD have been overcome by using
PECVD, where a plasma is used to produce more reactive ions and neutral radicals. This al-
lows deposition to be performed at a lower temperature than normal CVD due to the increased
reactivity of the energetic species produced by the plasma, allowing the advanced materials re-
quired to be used [18]. However, because of the continuous nature of the process, it is difficult
to control the exact number of atomic layers deposited onto a material, and in modern dense
microchips where accuracy down to the atomic layer is key, this can be a problem.

Atomic Layer Deposition (ALD)

To provide the increased accuracy required in modern microchip manufacturing, ALD has been
developed. ALD is a two-step self-limiting process in which a first reactant is adsorbed by the
surface, before a second reactant is applied that reacts with the absorbed layer to create the
desired material on the surface [19, 20]. This separation of the reaction means that each in-
dividual cycle provides a self-limited thickness of material that is precise to the atomic layer
to be deposited. This can be repeated in a cycle, where the desired thickness can be easily
deposited by repeating the ALD steps until the desired number of atomic layers has been de-
posited; therefore, the deposition of materials can be achieved with the accuracy of an atomic
layer.

1.3 Plasma Theory

Plasma is the fourth state of matter consisting of a gaseous state in which at least some fraction
of the atoms has been ionised to form plasma. A plasma possesses a more collective nature than
other state’s due to long-range electromagnetic interactions [12]. However, even with particles
inside the plasma being charged, the overall charge of the plasma is zero, otherwise known as
quasineutrality. This state of matter is rarely encountered on earth; however, it is estimated to
make up around 99.9% of visible matter in the universe. [21]. Plasma is found in many forms,
from stars and solar wind to experimental fusion reactors, plasma cutters and reactors used in
semiconductor manufacturing [12, 22–24]. As such understanding the intricacies of the theory
behind plasma is important to understanding not only the universe but also for using the state
of matter in new technology on earth.

1.3.1 Low Temperature Plasmas

For plasmas being created on Earth the most common type is known as low temperature or
non-equilibrium plasmas. These plasmas are not in thermodynamic equilibrium; as such, the
temperatures of electrons are significantly higher than those of heavier particles such as ions
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and neutrals, which are often at room temperature. This disequilibrium is maintained by cou-
pling power into the plasma, primarily to electrons, and because of the relatively low inertia of
electrons compared to heavy particles, there is insignificant heating of heavy particles through
collisions [25].

1.3.2 Fundamentals of Low Temperature Plasmas

Understanding the fundamentals behind low temperature plasmas used in ALE and ALD is
important for understanding their roles in the processes. As such, this section will explore the
formation of plasmas and how the particles inside the plasma interact with each other and other
forms of matter.

Plasma Formation

To form a plasma artificially on earth, a chamber that can apply an electric field to the gas and
keep it contained is required. This induced electric field in the gas accelerates free electrons,
which are generated naturally in the gas from cosmic rays and background radiation. These
accelerated free electrons cause collisions with neutral atoms, creating ionisation events that
release more electrons. These additional electrons are subsequently accelerated and lead to
more ionisation events creating a cascade effect, leading to an avalanche growth of ionised
particles where eventually the growth will outweigh the losses and at this point self-sufficient
plasma will form known as a breakdown point. This point is determined differently depending
on the method of coupling power to the gas inside the reactor with two main methods being
employed; capacitively and inductively coupled devices. Capacitively coupled plasma reactors
consist of two plates where one has a voltage applied, and the other is grounded to induce a
current through the gas. Capacitively coupled reactors have different voltages required to reach
the breakdown point depending on the product of distance between the plates and gas pressure,
which forms a Paschen curve for the gas used in the reactor [26]. However, in inductively
coupled plasmas, like the ones used for the rest of this thesis, there is no easy description
of the breakdown point. However, the same principles of capacitively coupled formation still
apply, with the only difference being that the electric field used to sustain the plasma after the
breakdown is induced through a coil and Faraday’s law, as shown in equation 1.3.1.

Einduced = −
dB
d t

(1.3.1)

Here, Einduced is the induced electric field and dB
d t is the rate of change of the applied magnetic

field.

Debye Length

A plasma as a whole is considered to be in quasineutrality; however, this assumption only
holds on larger length scales. For example if you consider a positively charged sphere inside
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the plasma you might expect the force from the charge to propagate infinitely like inside a
vacuum. However, inside a plasma the sphere attracts electrons that surround the sphere,
forming a cloud of electrons. This effectively obscures the sphere from additional electrons
in the bulk as all they ’see’ is a negatively charged cloud of electrons, therefore shielding the
electromagnetic effect of the sphere from the rest of plasma bulk. The length scale required
for a charge inside the plasma to be considered quasi-neutral to the plasma bulk is called the
Debye length (λD), which is calculated as seen in equation 1.3.2, which depends on parameters
inside the plasma [12].

λD =

√

√ε0kbTe

nee2
(1.3.2)

Here, Te and ne are the temperature and density of the elections, respectively, ε0 is the permit-
tivity of free space, kb is the Boltzmann constant, and e is the elementary charge.

Sheath Mechanics

Plasma, as a charged state of matter, interacts uniquely with other states of matter. An important
process is the formation of sheaths when a plasma interacts with the surface of the reactor. A
sheath is a region of positive charge on the plasma boundary, a few Debye lengths wide, formed
to maintain net quasineutrality inside the plasma bulk. This forms because when a plasma has
become ionised, the lighter electrons which have lower inertia get accelerated in a shorter
timescale and therefore arrive at the surface of the reactor sooner. This initial flux of electrons
forms a negatively charged wall that repels additional electrons from the surface. This generates
a region called a sheath, where the ion density is higher than the negative charged ions and the
electron density. This forms a negative electric field towards the surface that accelerates the
ions towards the surface, to equalise the flux of negative ions and electron species and positive
ion species to maintain bulk quasineutrality [12, 25]. The density of positive and negative
species and the potential inside a sheath can be seen in figure 1.6 that illustrates the formation
of the negative charge region and the difference in electron and ion densities.

Here, the presheath is a region where the negative and positive species densities are still equal,
but a potential drop occurs to accelerate the ions up to the Bohm velocity, which is greater than
or equal to the ion sound speed. This is necessary to enter the sheath with enough velocity to
maintain flux equilibrium inside the plasma and satisfy sheath formation, known as the Bohm
sheath criterion, as shown in equation 1.3.3 [12, 28].

us ≥ uB =

√

√kB Te

Mi
(1.3.3)

Here, us is the ion sound speed, uB is the Bohm velocity, and Mi is the mass of the ion. The flux
into the sheath is simply the product of the density of ions at the edge of the sheath, nsh and
the Bohm velocity uB. In a steady-state collisionless system, since all ions are accelerated to the
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Figure 1.6: Depicts the plasma potential and positive and negative species density as a plasma
interacts with a surface wall of the reactor. Reproduced from Scott Doyle (2019) [25], which
itself is adapted from Chabert and Braithwaite (2011) Physics of Radio-Frequency Plasmas
[27] © Cambridge University Press. Used here under fair dealing for academic purposes

surface of the reactor to maintain the conservation of mass, the flux of ions into the sheath is
equal to the flux into the surface as shown in equation 1.3.4.

Γw = Γsh = nshuB (1.3.4)

Here, Γw and Γsh are the wall and sheath flux, respectively. The negative potential that forms
between the plasma bulk and the surface wall of the reactor can be found by equating the flux
of negative and positive charge carriers as shown in equation 1.3.5, assuming that there are no
heavy negative charge carriers, and modelling electrons using kinetic theory and a Maxwell-
Boltzmann velocity distribution [12].
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Solving for the sheath potential φw yields equation 1.3.6 [12].

φw = −Te ln
�

mi

2πme

�
1
2

(1.3.6)

Here, ns are the density of ions at the sheath edge, Te is the electron temperature, and mi and
me are the mass of ions and electrons, respectively. Because the majority of energy gained by
each ion impacting the surface is provided by acceleration caused by this potential, it can be
seen that controlling the electron temperature can control the energy of ions impacting the
surface.

1.3.3 Collision Processes Inside Plasmas

Inside plasmas, collisions between all types of particles are constantly occurring. These colli-
sions cause various phenomena inside the plasma, depending on the interacting particle species
and their energies, and can lead to ionisation, excitation, dissociation, or recombination. In all
types of collision, three things are always conserved between the before and after states; mo-
mentum, energy and charge. The conserved total energy is made up of the sum of the kinetic
and potential energy of the particles colliding. If the potential energy of all particles involved
does not change, then the collision is said to be elastic, whereby all energy is exchanged as
a change in the particles’ velocities. However, if the potential energy of any of the particles
changes, this is known as an inelastic collision, with kinetic energy being lost to processes that
raise the energy level of an electron or remove the electron from the particle, exciting or ionising
the atom. Conversely, if a collision causes an electron to decrease in the energy level, potential
energy is converted into kinetic energy. This is known as a super-elastic collision [12]. Since
many of the collisions necessary to produce particle species required for atomic layer processes
require inelastic collisions and therefore reduce kinetic energy, not wasting energy producing
excess particle species that are not necessary for the atomic processes is key to reducing energy
consumption in atomic layer processes.

Cross Sections and Rate constants

Reaction cross sections and rate constants are used to quantify the likelihood of particles col-
liding and the rate at which interactions occur inside the plasma. A useful model is to imagine
a stream of particles moving towards an area of stationary target particles. We can define the
flux of the particles as Γ = nv where n and v are the density and velocity of the particles,
repetitively. If the target region has a density of ng and thickness d x , the interaction rate is
dependent on the overlap between these two populations [12]. The rate of change in the flux
of the incident beam is therefore proportional to the cross section of the interaction, the density
of the target, and the flux of the incident beam, as shown in 1.3.7 [12, 29].
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dΓ = −σΓng d x (1.3.7)

Here, σ is the cross sectional area of the collision which depends on the type of collision, for
example, the electron impact ionisation cross section from Smirinov (1981, p. 253) can be seen
in equation 1.3.8 [30].

σiz =
π

4
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e
4πε0

�2 1
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�
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1
E
−

2Eiz

3E 2

�

, E > Eiz (1.3.8)

Here σiz is the ionisation cross section, E is the energy of the electron and Eiz is the ionisation
energy. Equation 1.3.7, can be integrated to obtain the flux that had undergone collisions as
shown in equation 1.3.9 [12, 29].

Γ (x) = Γ0(1− e−x/λ) (1.3.9)

Here, Γ0 is the initial flux and λ is the mean free path of the beam, which is the distance over
which the uncollided flux decreases to 1/e of the initial value where the mean free path can be
defined in equation 1.3.10 [12].

λ=
1

ngσ
(1.3.10)

If the beam velocity is v we can define the mean time between interactions as τ, the collision
frequency as ν and the collision frequency per unit density is known as the rate constant K .
These collision parameters are defined in equations 1.3.11, 1.3.12 and 1.3.13 [12, 29].

τ=
λ

v
(1.3.11)

ν≡ τ−1 = ngσv (1.3.12)

K = σv (1.3.13)

However, in a realistic plasma the velocity of particles will not be constant and instead will fol-
low a distribution of velocities for each particle. Therefore, to gain accurate rate constants, we
integrate over the velocity distribution of the particles. If we consider the velocity distribution
to be Maxwellian and the velocity of the target particles to be negligible, as is often assumed
for low temperature plasmas, we can form an integral as shown in equation 1.3.14 [12].

K(T ) =
�
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2πkbT

�3/2
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�

−
mv2

2kbT

�
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Here, v is the velocity of the fast particles, and m and T are the mass and temperature of the
incident particles, respectively. When integrated and simplified using E = 1

2 mv2 as shown in
Lieberman and Lichtenberg (2005), these rate constants can be fitted to an Arrhenius form as
shown in equation 1.3.15 [12].

K = AT B
e · ex p
�

−
Eth

Te

�

(1.3.15)

Here, A and B are constants for each specific collision used to fit the equation to the experimen-
tal data and Eth is the threshold energy. The reaction rate R can be simply found by multiplying
the rate constant by the number densities of the reactants R= KnAnB.

Atomic energy levels

An atom is made up of a positively charged heavy nucleus and light negatively charged elec-
trons which orbit around the nucleus. For a single-electron hydrogen atom, this creates a force
balance where the attractive Coulomb force holds the electron in a circular motion orbit. In a
quantum description, the only valid orbits are such that the angular momentum is an integer
value n of ħh where n ≥ 1 and is called the principal quantum number. We can get a quantised
radii as shown in equation 1.3.16 where for n= 1, ao is the Bohr radius [12].

an = n2a0 (1.3.16)

The corresponding energies of each allowed orbit are shown in equation 1.3.17.

En = −
Eat

n2
(1.3.17)

Here, Eat is the ionisation potential of a hydrogen atom at n= 1 roughly equal to 13.6 eV [12].
Furthermore, for atoms with many electrons, the valence electrons, which are the electrons in
the outermost often unfilled shell, are affected by both the attractive force of the nucleus and
the repulsive force of all other electrons orbiting the nucleus. This leads to an altered radius as
shown in equation 1.3.18 [12].

ae f f = a0

�Eat

Eiz

�1/2

(1.3.18)

Here, ae f f is the radius of the first Bohr orbit, Eiz = Z2
e f f Eat is the ionisation potential and Ze f f is

the effective nuclear charge felt by the valence electron reduced from the actual nuclear charge
by electron shielding. However, this does not take into account the full quantum mechanical
description, with additional quantum numbers of electrons being l, ml , ms [12]. Where l is the
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orbital angular momentum with restrictions of l + 1 ≤ n, ml is the component of the angular
momentum in a particular direction with restrictions of |ml | ≤ l and ms is the direction of spin
of the electrons where ms = ±

1
2 [12].

For a more accurate model we use the centre-field model, where the atoms move under a
symmetric potential field, which is inclusive of the other electrons average potential; the energy
level of each orbit is dependent on n and l but each energy level has a degeneracy of 2n2 due
to the Pauli exclusion principle [12]. The base electronic configurations inside this model are
built by filling the lowest energy levels completely before moving onto the next. Where in the
notation of ABC , A is the principle quantum number n, B is the orbital angular momentum l
where l = 0,1, 2,3 are s, p, d and f, respectively, and C is the number of electrons at that energy
level, where each energy level can hold a maximum of 2(2l + 1) electrons, the energy levels
for 3s and above are shown in figure 1.7 [12]. For example, the electronic configuration of
ground-state oxygen and argon is 1s22s22p4 and 1s22s22p63s23p6, respectively, where the last
term is the energy level that contains the valence electrons. The valence electrons determine the
behaviour in collisions of atoms because they are in the outermost electron shell and, therefore,
have a lower ionisation energy than all other electrons as they are effected by the repulsive
electromagnetic force of the other electrons in-between them are the nucleus. As such, due to
their lower ionisation energy, valence electrons are the electrons affected by electron collisions
such as ionisation and excitation; therefore, they are the electrons that change their energy level
in a collision, and their energy level determines the ionisation energy and the energy required
to excite the atom [12]. As such, atomic energy levels are important for understanding the
collisions that occur within a plasma and the energy required for the reaction to occur.

1.3.4 Electron Collisions Inside Plasmas

Electron Collisions inside low-temperature plasmas allow for processes that require higher en-
ergies than those available from heavier species. This is because electrons involved in the colli-
sion can reach significantly higher temperatures than heavier species because of their low mass.
Therefore, the average energy available is higher, allowing them to overcome higher threshold
energies. The eight main types of electron Collisions inside plasmas are ionisation, excitation,
de-excitation, dissociation, dissociative electron attachment, elastic collisions, electron impact
detachment and electron ion recombination [12].

Ionisation

Inside a plasma, one of the most important reactions is electron impact ionisation, as it is the
process that produces the charged species required to maintain the plasma. This occurs when a
high-energy electron interacts with a neutral particle inside the plasma and knocks an electron
out of orbit, as shown in equation 1.3.19. This requires a significant threshold energy because
of the electrostatic potential well of a particle, and therefore, ionisation is highly dependent on
the temperature of electrons. The threshold energy is determined by the size of the potential
well for the most readily ionised electron in the particular particle species.
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Figure 1.7: Energy level diagram for sodium without fine structure. Reproduced under fair
dealing for academic purposes from Lieberman and Lichtenberg (2005) Principles of Plasma

Discharges and Materials Processing [12], © John Wiley & Sons Inc.
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e+ A→ 2e+ A+ (1.3.19)

Here, A is a neutral particle and A+ is an ionised particle.

Excitation

Another process that can occur when an electron interacts with a neutral particle is the excita-
tion of an electron to a higher energy level, as shown in equation 1.3.20. This decreases the
size of the potential well that must be overcome in the ionisation process, therefore decreasing
the threshold energy to produce ions. It also enables a higher probability that surface processes
occur in ALD [31].

e+ A→ e+ A∗ (1.3.20)

Here, A is a neutral particle and A∗ is an excited neutral particle. For an argon atom that under-
goes the lowest energy level transition, it corresponds to the state change shown in equation
1.3.21.

3p6→ 3p54s1 (1.3.21)

De-excitation

Similarly to excitation, de-excitation occurs when an electron changes energy level in a neutral
particle by dropping to a lower energy level. De-excitation can occur in two main ways, spon-
taneous or photon driven de-excitation, or collisional de-excitation. In spontaneous or photon
driven de-excitation the excited electron drops down in energy levels emitting electromagnetic
radiation at specific wavelengths, often in the ultraviolet range of the spectrum as shown in
equation 1.3.22. The realised ultraviolet light has various effects on surface processes in various
industries, some requiring ultraviolet light and some where ultraviolet light is unwanted [32–
35]. In electron-driven de-excitation, an electron interacting with the neutral particle causes
the energy level of the excited electron to drop. In this case, instead of emitting ultraviolet
light, excess potential energy is converted into kinetic energy, increasing the velocities of the
electron and the neutral particle as shown in equation 1.3.23. This requires significantly lower
threshold energy than excitation; therefore, most electron collisions with excited particles have
the energy required to de-excite the particle even at low electron temperatures.

A∗→ A (1.3.22)

e+ A∗→ e+ A (1.3.23)
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Here, A∗ is the excited neutral particle and A is the less excited neutral particle where A can be
in an excited or ground state.

Dissociation

If the gas inside the plasma consists of molecules, e.g. oxygen, then an additional set of reac-
tions can take place, called dissociation. This process involves breaking the bonds of a molecule
so that individual atoms are separated inside the plasma, as shown in equation 1.3.24. The en-
ergy required to break the covalent bonds is typically lower than that of the ionisation energy.
For example, O2 has a dissociation energy of 498.4 KJmol−1 which is equivalent to 5.17 eV
compared to the ionisation energy of O2 of 12.07 eV [36, 37].

e+ A2→ e+ 2A (1.3.24)

Dissociative Electron Attachment

Dissociation can also occur where the electron becomes attached to one of the separated atoms.
This creates a neutral atom and a negative ion, as shown in equation 1.3.25. This usually
requires a lower threshold energy to occur than pure dissociation such as seen in equation
1.3.24 and therefore can allow dissociative electron attachment to dominate in low electron
temperature plasmas [12].

e+ A2→ A+ A− (1.3.25)

Elastic Collisions

Ionisation, excitation and dissociation use the kinetic energy of the species to overcome the
potential barrier and therefore decrease the kinetic energy of the particles after the interac-
tion, which makes them inelastic. However, in some interactions, the species involved remain
unchanged because the potential energy in both particles does not change. These collisions
are called elastic collisions, as shown in equation 1.3.26. These collisions simply scatter and
change the velocities of the particles involved. Also, because the threshold energy is zero, there
is no exponential function in the rate constant and, depending on the reaction, there can be no
dependence of Te [32].

e+ A→ e+ A (1.3.26)
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Electron Impact Detachment

Electron impact detachment is an important reaction in the consumption of negative ions within
the plasma. It occurs when an electron and a negative ion interact and causes the extra electron
of the negative ion to be realised into the plasma bulk, as can be seen in equation 1.3.27.
This requires energy to occur, as the electron needs to have sufficient energy to overcome the
repulsive Coulomb force [12].

e+ A−→ A+ 2e (1.3.27)

Electron Ion Recombination

On average, the flux of positively and negatively charged particles onto the surface is equal. To
maintain quasineutrality, the particles need to be reflected off the surface in equal quantities or
neutralised. In reality, on the surface, the vast majority of particles are neutralised and then dif-
fuse back into the plasma or are absorbed by the surface [12]. This reaction is called electron ion
recombination. Surface-based electron ion recombination is the only high-rate neutralisation
reaction, as the gas-based electron ion recombination mechanism shown in equation 1.3.28 is
forbidden. This is because momentum cannot be conserved in the formation of one body from
two. Unless the particle becomes excited after electron ion recombination; however, this has
a rate coefficient lower than that of other electron ion recombination mechanisms; therefore,
their contribution is negligible [38]. Therefore, when electron ion recombination occurs in the
gas, it usually occurs with a three-body collision, as they have higher rates than the two body
process; however, these occur less frequently than surface-based electron ion recombination
[12].

e+ A+→ A (1.3.28)

The surface-based electron ion recombination is able to maintain a high rate because the third
body is provided by the surface and therefore allows the momentum to be conserved, as shown
in equation 1.3.29.

e+ A+ + S→ A+ S (1.3.29)

Dissociative Recombination

Another way to conserve momentum in the recombination of an electron and ion is through
the dissociation of a molecular ion. This allows momentum to be conserved by splitting the
molecular ion into two particles as shown in equation 1.3.30. Additionally, the two particles
produced in this reaction can not both be in the ground state because the potential energy of
A+2 is larger than the two constituent parts [12].
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e+ A+2 → A+ A∗ (1.3.30)

1.3.5 Heavy Particle Collisions Inside Plasmas

In addition to electron collisions inside plasmas, we can have collisions between exclusively
heavy particles. They have a larger cross-sectional area but lower temperatures and velocities.
Therefore, for collisions with high threshold energies, such as ionisation and excitation, they
often have a reaction rate constant lower than that for electron plasma collisions, since the
rate constant is now dependent on the heavy particle’s temperature. However, there are still
some collisions that are inelastic and alter the chemistry of the plasma, causing ionisation,
recombination and dissociation [32].

Charge Exchange

When an ion and neutral atom interact, there is a chance that an electron can be exchanged
from the neutral particle to the ion. In a multi-species plasma this can happen between any
species. Because of electromagnetic potentials inside the sheath that accelerate the ion before
collision, the ion has a velocity significantly higher than that of a neutral atom. This high
velocity of the particle is maintained after the charge exchange as shown in equation 1.3.31
whereby the neutral atom becomes the particle with higher velocity [12]. This is useful if you
require an increase in neutral gas temperature, for example, in a neutral electrothermal plasma
thruster on a spacecraft [25, 39].

A(slow) + B+( f ast)→ A+(slow) + B( f ast) (1.3.31)

Associative Detachment

Another common reaction that can occur is the associative detachment of a heavy negative
particle and a heavy neutral particle to form a heavier neutral molecular particle and eject an
electron, as shown in equation 1.3.32. This can only occur in this way so that the momentum
is conserved in the collision, as without the ejection of the electron momentum would not be
conserved. This can take place in plasmas that contain molecular gases, i.e. oxygen, so that
the covalent bonds between the atoms are reformed, but it can also occur in noble gases.

A− + B→ AB + e (1.3.32)
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Positive-Negative Ion Recombination

Positive-negative ion recombination occurs when a positive and negative ion interacts and ex-
changes the extra electron from the negative ion to the positive ion forming two heavy neutral
particles, as can be seen in equation 1.3.33. For negative ions in a low pressure plasma, this
can become a dominant loss mechanism [12]. This reaction can also occur in the form of a
three body reaction as seen in equation 1.3.34.

A− + B+→ A+ B (1.3.33)

A− + B+ + C → A+ B + C (1.3.34)

Dissociation

Dissociation can occur when two heavy particles interact and break the covalent bonds in a
molecule, splitting the molecule as shown in equation 1.3.35. The particle being split must be
molecular; however, the other particle involved can be atomic with no ability to form covalent
bonds, i.e., argon. In addition, the particles produced from splitting the molecule do not need
to be atomic; they can also still be molecules.

A+ BC → A+ B + C (1.3.35)

Ion-Neutral Elastic Scattering

Ion-neutral elastic scattering is similar to charge exchange collisions; however, the electron does
not transfer from the neutral atom to the ion. Therefore, because no potential energy change
has occurred, this is an elastic collision as shown in equation 1.3.36. This collision simply
scatters the ion and neutral particles, changing their velocities. For example, inside the plasma
sheath ions are accelerated towards the surface of the reactor through the electromagnetic
potential. Ion-neutral elastic scattering can cause the ions inside the sheath to lose speed in
the direction of the surface, therefore, potentially reflecting ions inside the sheath back into the
plasma bulk, reducing the flux to the surface.

A+ B+→ A+ B+ (1.3.36)

Neutral-Neutral Elastic Scattering

Neutral-neutral elastic scattering collisions are elastic collisions in which the colliding particles
are unchanged as shown in equation 1.3.37. These types of collisions only scatter the particles
and transfer kinetic energy between the neutral particles.
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A+ B→ A+ B (1.3.37)

Sputtering

When heavy particles impact the surface with energies above the threshold energy, atoms can
be sputtered from the surface as shown in equation 1.3.38. The threshold energy is different
depending on the material; for example, germanium has a threshold energy of 20 eV . This
is typically achieved by ions because of the potential that accelerates the particle through the
sheath onto the surface. Etching rates can be increased by increasing the energy of these ions
to greater than 500 eV [12]. However, for use in ALE processes, this is not possible, as it leads
to poor selectivity between the mask, other layers and the desired material to be etched, and
for the surface to become over-etched because these high energies are outside the ALE energy
window of typical materials such as germanium [12].

A+ + BSur f ace→ A+ + BGas (1.3.38)

Neutral Particle Adsorption

When neutral particles diffuse onto a surface, they can be absorbed as shown in equation 1.3.39.
This can be done in one of two ways: physisorption, where the atom or molecule is attracted
to the surface by the weak van der Waals force, and chemisorption, where a chemical bond is
formed between the atom or molecule and the surface [12].

A+ S→ A : S (1.3.39)

The fraction of atoms or molecules that stick to a surface is defined as the sticking coefficient
s. The absorbed flux can be found in equation 1.3.40 [12].

Γabs = sΓs (1.3.40)

Here, Γabs is the absorbed flux and Γs is the flux incident on the surface of the reactor. This is
an important measure for analysing the neutral surface fluxes used in ALD. For efficient ALD,
high fluxes are required, as well as a high sticking coefficient, to allow atoms and molecules to
be readily absorbed.
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1.4 Plasma Chemistry

The chemistry that occurs in a plasma is very complex with a large number of reactions occur-
ring and can vary significantly depending on the composition of elements inside the plasma.
At its most basic, a plasma formed from purely noble gases involves electron ionisation, elec-
tron excitation collisions, heavy-particle elastic collisions and surface collisions. This causes
a complex system with continuous collisions between positive and negative charged particles,
neutral ground and excited atoms and free electrons, and a continuous flux of positively and
negatively charged particles to the surface. However, if we introduce a molecular gas that has
an incomplete outer shell of valence electrons, i.e. oxygen. we get a large number of new
species types that can form. Molecules can dissociate and recombine to form atomic particles
or molecules with more atoms, such as O and O3 from O2 with each of these forming their own
ions and excited states. In addition, atoms without a full outer shell of valence electrons can
readily absorb electrons to fill the outer shells. This creates a heavy negative ion that affects
the flux balance to the surface of the reactor and potential inside the plasma. Therefore, to
model the complex nature of a plasma, a large number of reactions and species are imperative
to accurately model the chemistry inside a plasma.

1.4.1 Argon-Oxygen Plasmas

In this thesis, the gas mixtures studied are either pure argon or an argon-oxygen mixture. Ar-
gon, as a noble gas, can only be excited or ionised and, as such, has a limited set of reactions and
species. This simplicity means that the production of ions for ALE can be performed efficiently.
Furthermore, because of the full outer shell of the valence electrons, argon is chemically inert,
making it ideal for precise physical sputtering processes without altering the chemical com-
position of the surface or causing additional chemical reactions to other materials. As such,
it is used extensively in biomedical applications and for ALE in microelectronics production,
materials processing [33, 40–43]. In an oxygen-argon plasma, there is both an atomic and a
molecular gas present when the plasma forms. This causes a vastly larger reaction and species
set, which could lead to energy being wasted producing species which are not required for the
desired process. In addition, because the outer shell of valence electrons is incomplete, oxygen
is significantly more reactive than Argon. This allows surface effects such as absorption and
oxidation to occur, allowing the chemical makeup of the surface to be altered and is widely
used in biomedical applications and in ALD for industrial manufacturing [31, 44–47].

1.5 Thesis Outline

The remainder of the thesis is laid out as described below:
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Chapter 2 (Method):
Plasma modelling is introduced with several methods discussed. The simulation model used in
this thesis is introduced and the underlying equations described. Finally, the geometry of the
modified Gaseous Electronics Conference (GEC) reference cell is discussed.

Chapter 3 (Argon Dynamics for ALD):
Investigation into the effect of changing the pressure and pulsed power waveform parameters
of the frequency and duty cycle on argon ion production and flux in a pure argon plasma. This
chapter culminates in an analysis of the change in energy per ion incident onto the surface.

Chapter 4 (Pressure Effect on ALD):
Investigation into the effect of changing the pressure on the production and flux of oxygen ions
and atomic oxygen in a mixed argon-oxygen plasma. This chapter culminates in an analysis of
the change in energy per ion and atomic oxygen incident onto the surface.

Chapter 5 (Conclusion):
Concludes key results and their impact on the energy per ion incident onto the surface and their
affect on atomic layer processing.



Chapter 2

Method

In this chapter, the principles of plasma modelling are introduced, and the nuances between
particle and fluid models are discussed. After this, the global model for argon-oxygen induc-
tively coupled plasmas that is used throughout this thesis is introduced. The method employed
to initialise and undertake a five-step cycle to update the simulation in time is discussed, and
the principles equations behind the physics in each step are introduced. Finally, the reactor
being modelled is introduced, the validity of the model is discussed, and the methods used to
analyse the data and calculate the efficiency of surface fluxes are discussed.

2.1 Plasma Numerical Models

Plasma numerical models are useful tools for testing hypotheses and possible reactor param-
eters cheaply and quickly without investing time and money into an experimental prototype.
Plasma numerical models are systems of equations along with boundary conditions that iter-
ate through a number of steps to converge onto a solution. These models are typically non-
analytical as, due to the collective behaviour of plasma, they typically cannot be resolved ana-
lytically without large assumptions that will restrict the type of systems that can be simulated.
Numerically modelling plasmas comes with a lot of challenges, with a large number of particles,
in the order of > 1020 for neutral particles, collision and non-collisional effects, and reactions
constantly occurring, which affect the plasma gas chemistry. This, combined with the varied
time scales of plasma numerical models (10 ns - 10 s), allows us to easily see that there is no
completely accurate method for simulating a plasma in its entirety [25, 48, 49]. The remainder
of this section will discuss the three main types of technique used to model plasmas; kinetic
models, fluid models and global modals.

25
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2.1.1 Kinetic and Fluid Models

Kinetic models consider each particle or group of ’superparticles’ inside the volume of the sim-
ulation separately, where each particle’s motion is determined by Newton’s law of motion with
forces applied by physical and electromagnetic sources experienced by that particle inside the
plasma. Superparticles are a group of 105−107 particles that represent the characteristics of a
particle species in time and space. The most common types of kinetic models are the particle
in cell (PIC) model and the Monte Carlo collisional model [50, 51]. PIC models use a contin-
uous mesh to treat the dynamics of a particle while using Poisson’s equation to calculate the
associated electric field on a discrete mesh [52]. The Monte Carlo collision model is used to
determine when and what type of collision occurs between different groups of superparticles
using a stochastic method. The two models are often used in conjunction with each other with
PIC models modelling the motion of superparticles and the Monte Carlo algorithm handling the
collisions. These are considered to be the highest standard of models available as they require
a small amount of assumptions to be placed on the plasma. However, with particle counts ex-
ceeding 1020, these simulations have a large computational expense, and as such there exists a
trade-off between the time taken to run a simulation and the complexity of the model.

Fluid models consider the macroscopic properties of the plasma such as densities, fluxes and
temperatures rather than the individual particles [53, 54]. The macroscopic properties are
determined by taking moments of the Boltzmann equation to obtain conservation equations
for the particle mass, flux and energy from the zeroth, first and second moments, respectively
[55]. This requires an additional assumption or knowledge of the electron energy distribu-
tion function before determining the electron transport coefficients and reaction rate, which is
commonly obtained by using a zero-dimensional Boltzmann solver iteratively throughout the
simulation or beforehand or, assuming the shape of the energy distribution for each species
beforehand [25, 53, 54, 56]. The benefit of fluid models is the reduced computational expense
of simulations; this allows a larger number of simulations to be run within a specific time frame
or higher-dimensional (2D or 3D) simulations to be run, improving the spatial accuracy of the
model. However, since the electron energy distribution function is based on the local value of
mean energy and the electric field, the model begins to breakdown as pressure decreases. This
is due to particle kinetics becoming increasingly non-local at lower pressure as lower pressure
leads to a higher mean free path and lower collision frequency, which allows electrons to travel
further within the reactor before colliding [54].

2.1.2 Zero-Dimensional (OD) Chemical Kinetic Global Models (GM)

Global models solve the same governing equations as fluid models where the spatial derivative’s
are neglected within the moments of the Boltzmann equation. Although spatial dependence
has been neglected, global models can still use assumed spatial gradients to aid in calcula-
tions in the model, such as the density gradient through a sheath [57]. The spatially averaged
values of these plasma properties mean that they represent the plasma as a whole and not a
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particular point in the plasma unlike higher-dimension simulations, and this is why they are
often considered to be OD models. The temporally dependent particle and energy rate balance
equations typically solved by GM’s remove the momentum balance equation, as the momen-
tum is not resolved when the spatial component is neglected [58]. The balance equations for
particles and energy are made up of source and loss terms for the specific particle species be-
ing tracked. These source and loss terms are dependent on the specific chemical reactions
included in the model, the transport effects modelled, and any assumptions used within the
model. The terms for particle balance are typically the gain or loss of particles caused by re-
actions occurring inside the plasma and the flux of charged particles to the surface walls of
the system. The terms for the energy balance equation are typically the energy absorbed from
the power coupling method, energy changes from elastic, superelastic and inelastic collisions,
and energy lost through the flux of charged particles to the surface walls of the system [32].
The energy balance equation is often only solved for electrons inside low-temperature plasmas
because heavy species are at a much lower temperature than electrons with low amounts of
energy coupled to them. The electron source equations are usually dependent on an electron
energy distribution function that is usually assumed to be Maxwellian, but the model can be
coupled with a zero-dimensional Boltzmann solver to obtain the electron energy distribution
function, as in a fluid model [32, 57]. The decreased number of dimensions needed to be solved
decreases computational expense and leads to faster generation of spatially averaged values of
the density and temperatures of systems that would otherwise be difficult to model. In addi-
tion, due to reduced computational expense, these models typically include a larger number
of species and types of reactions, allowing greater insight into the chemical kinetics within a
plasma [32, 57, 58]. However, the larger chemical reaction scheme included in global mod-
els requires accurate rate coefficients and cross sections, which often have large uncertainties
with different sources producing values that vary from source to source and are also only valid
for certain pressure or temperature regimes. Therefore, when constructing global models, it is
difficult to produce a complete reaction set with accurate values of rate coefficients and cross
sections that are within the desired operating regime so that these do not affect the accuracy
of the results [59].

2.2 Argon Oxygen Global Model

This thesis uses a GM for low pressure Ar/O2 inductively coupled plasmas that has been devel-
oped by Michel Osca Engelbrecht et al. (2024) and the explanation of the GM in the following
sections of this thesis is based on the explanation given in their paper [32]. This GM has been
extended by Michel Osca Engelbrecht et al. into a plasma chemical-kinetic model from the
collisional radiative model developed by M. Fiebrandt et. al. (2020) and is built with methods
developed and used by J. T. Gudmundsson and E. G. Thorsteinsson (2007) [60, 61]. In addition,
the basic construction of equations used within the GM is adapted from J. T. Gudmundsson and
E. G. Thorsteinsson (2007) and Hurlbatt et al. (2017) [58, 61]. In this work, the GM is used
without modification and is applied to perform a parameter study in which gas composition,
input power, pressure, duty cycle and frequency are varied, and the resulting plasma properties
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are analysed.

The GM has been developed to model a cylindrical container that contains a plasma in a volume
of length L and radius R where the power Pin is coupled into the plasma inductively, using the
Julia programming language [32, 62]. Several input parameters can be changed to alter the
simulation with both a constant power option and a pulsed square-shaped power waveform. For
both the constant and pulsed square waveform, the input parameters consist of total pressure
pT , input power Pin and oxygen mixture fracton χO2

which is the fraction of the initial gas made
up of O2. For the pulsed square waveform, there are additional input parameters of frequency
f , duty cycle D and power amplitude Pamp, which is the value of power when the power is
turned on and replaces the input power where the input power is calculated instead using
Pin = DPamp. The pulsed square waveforms repeat in pulses at a frequency f . At the beginning
of each pulse, the power changes nearly instantaneously to the constant value equal to the
power amplitude. It remains at constant power for a period of time determined by the duty
cycle D, which represents the fraction of the cycle in which the power is on. After this period
of time, the input power changes nearly instantaneously to zero and remains at zero until the
next cycle to form a square shape. The square pulsed waveform shape has been chosen as it is a
very common waveform shape for pulsed etching and deposition processes [63]. The numerical
order of operations of the GM consists of an initialisation of the simulation base conditions, and
then a five-step cycle that updates the simulation by time ∆t as shown in figure 2.1 [32]. The
initial simulation base conditions required to be defined in advance are the length L and radius
R of the cylindrical reactor and the length of time of the simulation Tend . In addition to the
initial temperature of electrons Te and heavy particles TN , the density ns of each species and
the plasma input parameters. After initialisation of the simulation base conditions, the model
iterates in a five-step cycle. It computes plasma properties and a new electron temperature and
species density value and then advances time by∆t until the simulation time length is reached
t ≥ tend , after which the simulation ends. The five steps of the cycle are described briefly below,
and steps 2-4 are expanded in section 2.2.4 and step 5 is expanded in sections 2.2.2 and 2.2.3.
The equations used to calculate the system parameters in Step 1 are described where they are
first used in Steps 2-5.
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Figure 2.1: Flow chart that depicts the order of operations of the 0D plasma chemical kinetic
GM. Reproduced from Engelbrecht Et Al. (2024) [32], Plasma Sources Science and

Technology, licensed under CC by 4.0

Step one consists of the calculation of the system parameters used in the later steps. These
include reaction rate coefficients Kr , total pressure pT , electronegativity α, thermal speed vs,
and species specific: Bohm velocity µB,s, mean free path λmf p,s, diffusion coefficient Ds and
number density at the edge of the plasma sheath nsh,s [32]. Steps two to four consist of the
calculation of positive and negative ion surface fluxes Γ and the plasma potentialφP , these steps
are described further in section 2.2.4. Step five uses the ordinary differential equation (ODE)
solver Rosenbrock23 in the DifferentialEquations library to solve a system of ODEs formed by
mass and energy continuity equations, these are discussed further in sections 2.2.2 and 2.2.3
[32, 64].

2.2.1 Plasma Species and Important Chemical Reactions

The species list used in the GM was collected by Michel Osca Engelbrecht et al. (2024), based
on previous simulation work of plasmas containing argon and oxygen, as can be seen in table
2.1 [32, 60, 61, 65].
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Table 2.1: Species used inside the GM [32]

Species Atomic Level

e

Ar

Ar+

Ar(4P) 3s23p5(2P0
3/2)4p, 3s23p5(2P0

1/2)4P

Arm 3s23p5(2P0
3/2)4s2, 3s23p5(2P0

1/2)4s0

Arr 3s23p5(2P0
3/2)4s1, 3s23p5(2P0

1/2)4s1

O2

O+2
O−2

O2(a1∆u)

O2(b1Σ+u )

O 2s22p4(3P2,1,0)

O+

O−

O(1D) 2s22p4(1D0)

O(1S) 2s22p4(1S0)

O(3S) 2s22p3(3S0)3s(3S0
1)

O(5S) 2s22p3(3S0)3s(5S0
2)

O(3P) 2s22p3(3S0)3p(3p1,2,0)

O(5P) 2s22p3(3S0)3p(5p1,2,3)

O3

O3(ν)

O+3
O−3
O4

O+4
O−4

The excited states of argon have been grouped into 3 separate groups, the 4p radiative states
and the s-level radiative and metastable states. The only difference between the two states
in each group is the total angular momentum. However, they behave chemically identically
and can easily be grouped together [32]. The main reactions involved in the results from
the plasmas modelled in this thesis are listed in table 2.2, where the complete list of plasma
reactions is collected by Michel Osca Engelbrecht et al. (2024) as a compendium of reactions
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from various sources [32, 58, 60, 61, 65, 66].

Table 2.2: Main Reactions Involved in the Plasmas Modelled in this Thesis [32]

# Reaction Ethr(eV ) Kr(m3+3(Nr−2)s−1) References

1 e+O→ 2e+O+ 13.6 4.93 · 10−15T 0.723
e ex p(−13.2/Te) [65, reaction 12][67]

2 e+O→ e+O(1D) 1.96 8.45 · 10−15T−0.306
e ex p(−3.13/Te) [65, reaction 13][67]

3 e+O→ e+O(1S) 4.18 1.04 · 10−15T−0.134
e ex p(−4.19/Te) [65, reaction 14][67]

4 e+O(1D)→ 2e+O+ 11.65 4.93 · 10−15T 0.723
e ex p(−11.64/Te) [65, reaction 15]

6 e+O(1S)→ 2e+O+ 9.43 4.93 · 10−15T 0.723
e ex p(−9.42/Te) [65, reaction 17]

10 e+O2→ 2e+O+2 12.06 2.32 · 10−15T 0.990
e ex p(−12.51/Te) [65, reaction 21][68, 69]

11 e+O2→ e+O+O(1D) 8.5 3.12 · 10−14T 0.017
e ex p(−8.05/Te) [65, reaction 22][70]

82 e+O+2 → O+O(1D) 0 9.1 · 10−15T−0.7 [65, reaction 151] [71–73]

83 e+O+2 → O(1D) +O(1S) 0 6 · 10−15T−0.7 [65, reaction 152] [71–73]

107 e+ Ar → 2e+ Ar+ 15.76 2.3 · 10−14T 0.59
e ex p(−17.44/Te) [61, 74]

271 O2 + Ar+→ O+2 + Ar 0 4.9 · 10−17(300/TN )0.78 [61, 75]

274 O+ Ar+→ O+ + Ar 0 6.4 · 10−18 [61, 76]

301 O+ +O−→ 2O 0 3.1 · 10−14(300/TN )1.1 [65, reaction 186][77]

Table 2.3: Main Plasma Surface Reactions Involved in the Plasmas Modelled in this Thesis.
Here, γ is the Sticking Coefficient

# Reaction γ Kr(s−1) References

343 O+→ O N/A 2uB,O+
R2hL,O++RLhR,O+

R2 L [61]

344 O+2 → O2 N/A 2uB,O2+

R2hL,O+2
+RLhR,O+2

R2 L [61]

347 Ar+→ Ar N/A 2uB,Ar+
R2hL,Ar++RLhR,Ar+

R2 L [61]

352 2O→ O2

0.1438e
2.5069

pO2 , pO2
> 2mTorr

1−
pO2
4 otherwise

�

Λ2

DO
+ 2V (2−γ0)

Aν0γ0

�−1
[61]

353 O(1D)→ O 1.0
h

Λ2

DO(1D)
+

2V (2−γO(1D))
AνO(1D)γO(1D)

i−1
[60]

354 O(1S)→ O 1.0
h

Λ2

DO(1S)
+

2V (2−γO(1S))
AνO(1S)γO(1S)

i−1
[60]

In total, there are 393 reactions included. The reaction rate coefficients for the electron impact
reactions are described as functions of the electron temperature assuming a Maxwellian elec-
tron energy distribution function [32]. The reactions between charged particles and the surface
of the system are discussed in detail in section 2.2.4 and the reactions between neutral particles
and the surface of the system are discussed in detail in section 2.2.6. The atomic energy level
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transitions and radiative processes are discussed in section 2.2.7 and in more detail in Michel
Osca Engelbrecht et al. (2024) [32].

2.2.2 Mass Balance Equations

To achieve mass continuity within the GM, a mass balance equation is used for each species s,
in table 2.1 [32]. The mass balance equation calculates the rate of change in time of the density
of each species s, as can be seen in equation 2.2.1 [32].

dns

d t
=

RT
∑

r

δs,r Kr

∏

j

nr j
−

A
V
Γs (2.2.1)

The rate of change in time for the density of each species s, is represented by the left-hand side
of the equation. The gain or loss of particles as a result of the total reactions RT included in the
reaction set is represented by the first term on the right-hand side. The mass variation caused
by the rth reaction is the product of the densities of the j reacting species nr j

with the rate
coefficient Kr and the integer factor δs,r . The integer factor represents the particle balance of
species s in reaction r where δs,r > 0 represents a mass gain of species s, δs,r < 0 represents
a mass loss of species s and δs,r = 0 represents an equilibrium in the mass of species s in
reaction r [32]. For example, in reaction 301 O+ +O−→ 2O found in table 2.2, δO+,301 = −1,
δO−,301 = −1 and δO,301 = 2, as one positive and negative oxygen ion is effectively lost as they
exchange charges to create two neutral atomic oxygen particles. The second term on the right-
hand side accounts for the mass variation caused by the flux and subsequent neutralisation of
charged particles to the surface walls of the system Γs where A is the surface area and V is the
volume of the cylindrical system [32].

2.2.3 Energy Balance Equations

To achieve energy continuity within the GM, an energy balance equation is used to calculate the
rate of change in time of the electron temperature, where the temperatures of heavy particles
are assumed to be constant in time. The rate of change in time of the electron temperature can
be seen in equation 2.2.2, where the shape of the energy distribution function is assumed to be
Maxwellian [32].

3
2

kB
d(Tene)

d t
= Sabs + Selast + Sinelast + S f lux (2.2.2)

Here in the left hand side of the equation kB is the Boltzmann constant, Te is the electron
temperature and is the metric used to represent energy and ne is the electron density. In the
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right hand side Sabs is the absorbed input power per unit volume, Selast are the energy changes
caused by elastic collisions, Sinelast are the energy changes caused by superelastic and inelastic
collisions and S f lux is the kinetic energy lost by fluxes of electrons and ions through the sheath.
The rate of absorption of the input power is shown in equation 2.2.3 [32].

Sabs =
Pin

V
(2.2.3)

Here, Pin is the power coupled to the electrons through the inductive power source. The energy
changes caused by elastic collisions between neutral heavy particles N and electrons in the form
of e+ N → e+ N are shown in equation 2.2.4 [32].

Selast = −3
Relast
∑

l

me

mNl

kB(Te − TN )Kl nenNl
(2.2.4)

Here, Relast is the number of elastic collisions between electrons and neutrals included inside
the GM, me is the mass of an electron. Additionally, mNl

, TNl
and nNl

are the mass, temperature
and density of the neutral species Nl , respectively, and Kl is the reaction rate coefficient of the
collision between electrons and neutral species Nl . The electron energy changes caused by
superelastic and inelastic collisions are shown in equation 2.2.5 [32].

Sinelast = −
∑

r

Ethr,r Kr

∏

r j

n j (2.2.5)

Here, Ethr,r is the energy absorbed or released by the rth collision, Kr is the reaction rate coef-
ficient of the rth collision and n j is the density of jth reacting species in collision r. The kinetic
energy lost by the electrons and ions that pass through the sheath and are subsequently lost at
the surfaces is shown in equation 2.2.6 as described in [12, 32].

S f lux = −
A
V

�

2kB TeΓe +
∑

p

�

1
2

kB Te + qpφP

�

�

(2.2.6)

Here, Γ is the flux of particles to the surface walls of the system, where the subscripts p and e
are for positive ions and electrons, respectively, qp is the electric charge of the positive ion and
φP is the plasma potential. The kinetic energy lost at the surfaces by the particles that pass
through the sheath is split into two terms on the right-hand side. The first term is for electrons
and the second term is for positive ion particles. The method used by the GM to treat and
calculate these particle fluxes is described in the section 2.2.4 below.
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2.2.4 Ion Flux to the Surface Walls of the System

Ion fluxes through the plasma sheath and onto the surface are an important factor in plasma
processing. Ion flux also has an imperative role in the balance of mass and energy inside the
plasma simulation continuity equation as well as in calculating the plasma potential, which is
required to compute the fluxes of negative ions and the electron energy equation. The first
portion of this section discusses positive ion surface fluxes denoted by a subscript of p and the
second portion of this section discusses negative ion surface fluxes, denoted by a subscript e for
electrons and the subscript n for negative ions and the plasma potential.

Positive Ions

The surface flux of positive ions is calculated using equation 2.2.7 [32].

Γp = nsh,puB,p where uB,p =

√

√

√
kB Te

mp
(2.2.7)

Here, nsh,p is the density of positive ion species p at the edge of the sheath and uB,p is the Bohm
velocity, which is the velocity required for the ions to enter the sheath. The density of ions at
the edge of the sheath is calculated using equation 2.2.8 [12, 32, 78].

nsh,p =
R2hL,p + RLhR,p

R2 + RL
np (2.2.8)

Here, np is the bulk plasma density for positive ion species p, R is the radius and L is the height
of the cylindrical system, as well as the parameters hL,p and hR,p which are depicted in equation
2.2.9 [32, 79, 80].

h{R,L},p =

�

�

h{R,L}0

1+ 3α/2

�2

+ h2
c

�1/2

(2.2.9)

Here, factors hR0,p, hL0,P and hc enable the calculation of the density at the edge of the sheath
at both low and high pressure and low and high electronegativity as described in a paper by
E. G. Thorsteinsson et al. (2010) and the references within [79]. The h factors are calculated
using the equations 2.2.10, 2.2.11 and 2.2.12 [32].
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hR0,p = 0.8

�

4+
ηR

2λmf p,p
+

�

0.8RuB,p

χ01J1(χ01)Da,p

�2�−1/2

(2.2.10)

hL0,p = 0.86

�

3+
ηL

2λmf p,p
+

�

0.86LuB,p

πDa,p

�2�−1/2

(2.2.11)

hc =
1

γ
1/2
− + γ

1/2
+

�

n1/2
∗,p n+/n

3/2
−

� (2.2.12)

Here, χ01
≃ 2.405, J0 is the first zero of the zero order Bessel function and J1 is the Bessel

function 1 of the first kind [32]. The electronegativity of the plasma is the ratio of the densities
of negative ions and electrons inside the plasma as described in equation 2.2.13 [32].

α=
1
ne

∑

n

nn (2.2.13)

Here, ne is the density of electrons and nn is the density of all species of negative ions. The
estimate of the mean free path of each species inside the model is shown in equation 2.2.14
[32].

λmf p,p =
1
∑

s
nsσT

ps

(2.2.14)

Here, ns is the density of species s and σT
ps is the total collision cross section between species p

and s where the superscript T denotes the total. The mean free path between a specific species
s and species p is: λmf p,ps = 1/nsσ

T
ps. The species’ s are only heavy mass species, and therefore

the mean free path includes only ion-ion and neutral-ion collisions and other processes such as
coulomb collision, elastic scattering and charge exchange. The cross section values used when
calculating the mean free path for collisions are approximated using equation 2.2.15 [32].

σps ≃
Kr

vps
where vps =

√

√

√
8kB TN

πµps
(2.2.15)

Here, vps is the mean speed of relative motion, µps is the reduced mass and TN is the temperature
of heavy mass species [12]. For the processes of elastic scattering and charge exchange, if the
cross section is available, then it is extracted from the following references [12, 61, 81]. If cross
sections are not available, they are calculated using the hard-sphere model using the following
radius of atomic and molecular radii: rAr = 188 pm, rO = 152 pm, rO2

= rO3
= rO4

= 197 pm
and equation 2.2.16 [32].

σps = π(rp + rs)
2 (2.2.16)
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Here, rp and rs are the radius of species p and s repetitively. Additionally, the cross section
estimate used for Coulomb collisions has a constant value of 5 × 10−19 m2 [79]. The ratio
between the temperatures of the positive and negative ions η is described in equation 2.2.17
[32].

η=
2T+

T+ + T−
(2.2.17)

Here, T+ is the average temperature of all positive ion species and T− is the average temperature
of all negative ion species. The ambipolar diffusion coefficient Da,p is described in equation
2.2.18 [32].

Da,p = Dp

1+ γp + γpα

1+ γpα
(2.2.18)

Here, Dp is the diffusion coefficient for ions and neutrals and γp is the temperature ratio between
electrons and the positive ion species p as described in equation 2.2.19 [32].

γp =
Te

Tp
(2.2.19)

Here, Te is the electron temperature and Tp is the temperature of the specific positive ion species
p, where for negative ions this will become γn = Te/Tn where Tn is the temperature of the
specific negative ion species. The diffusion coefficient for ions and neutrals is described in
equations 2.2.20, 2.2.21 and 2.2.22 [32].

Dp =
1
∑

s

1
Dps

(2.2.20)

where, Dps =
KB TN

µpsνps
(2.2.21)

and νps = ns

∑

r

Kr (2.2.22)

Here, Dps is the binary diffusion coefficient between positive ion species s and the sth heavy mass
species, and νps is the total collision frequency between species p and species s. The parameter
hc uses temperature ratios γ− = Te/T− and γ+ = Te/T+, which for the simulations used in this
thesis the temperature of the ions and neutrals are equal and therefore T+ = T− = TN and
γ− = γ+. The factor n∗,p is calculated as described in equation 2.2.23 [32].

n∗,p =
15
56

η2

Krecλmf p,p
vp (2.2.23)
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Here, Krec is the effective rate coefficient based on the recombination reactions that can be seen
in table A6 inside Michel Osca Engelbrecht et al. (2024) [32].

2.2.5 Negative Ions and Plasma Potential

The flux of negative ions is described in equation 2.2.24 [32, 82].

Γn =
1
4

nnvnex p
�

−
eφP

kB TN

�

where, vn =

√

√8kB TN

πmn
(2.2.24)

Here, the subscript n stands for negative ion species n and this equation is also valid for elec-
trons where the subscript n can be replaced by an e to gain the surface flux of electrons Γe.
Furthermore, φP is the plasma potential, e is the elementary charge and vn and mn are the
thermal speed and mass of the negative ion species n, respectively. Because the plasma po-
tential contains negatively charged species inside the plasma bulk, the flux of negative species
to the surface is restricted to the particles with energy high enough to overcome the potential
barrier of the plasma potential. Therefore, to calculate the flux of electrons and negative ions,
the plasma potential must be known, which is calculated by solving a flux balance equation.
The flux balance equation states that the total flux of electrons and all positive and negative
ion species to the surface must be balanced to maintain quasineutrality of the charge inside the
plasma. The flux balance equation is shown in equation 2.2.25 [32].

∑

p

qpΓp + qeΓe +
∑

n

qnΓn = 0 (2.2.25)

Here, qp, qn and qe is the charge of positive ion species p, negative ion species n and electrons,
respectively. The flux balance equation is solved for the plasma potential φP using an iterative
method which can then be used for the flux term in the energy balance equation 2.2.6 and
the negative flux equation 2.2.24 [32]. In the GM both positive and negative ions that make
contact with the surface wall of the system become neutralised to maintain mass conservation
[61]. The reactions are listed in table 2 inside Michel Osca Engelbrecht et al. (2024) [32]
which has been extended from J. T. Gudmundsson 2007 [61] with the important reactions for
this thesis listed at the bottom of table 2.2. The rate of these reactions is such that the equation
2.2.26 is balanced [32, 61].

A
V
Γs = δs,r nsKr (2.2.26)

Here, the rates are included in the mass balance equation 2.2.1 for both reactants and products
of the neutralisation reactions.
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2.2.6 Neutral Diffusion to the Surface Walls of the System

The diffusion of neutral particles within the plasma is important for plasma processes such
as ALD, as it determines the surface flux of neutral species to the surface walls of the system
[12, 78]. This is important because reactions at the surface de-excite metastable species and
recombines atomic oxygen into diatomic molecular oxygen, and therefore neutral wall reac-
tions, like the one used in ALD, depend heavily on the specific species diffusion properties.
These reactions are shown in table 3 within Michel Osca Engelbrecht et al. (2024), where the
important reactions for this thesis are at the bottom of table 2.2 [32]. The effective loss rate
coefficient to the surface walls of the system for the neutral species N is shown by equation
2.2.27, where the equations for the effective diffusion length, Λ and the thermal speed of the
neutral species N , νN are shown in equation 2.2.28 [32, 83, 84].

KD,N =
�

Λ2

DN
+

2V (2− γN

AνNΓN

�−1

where, (2.2.27)

Λ=

�

�π

L

�2
+
�

2.405
R

�2
�− 1

2

and, νN =

√

√8kB TN

πmN
(2.2.28)

Here, Λ is the effective diffusion length within a cylindrical reactor, DN , γN and νN are the
diffusion coefficient, sticking coefficient and thermal speed of the neutral species N , respectively
[83]. Furthermore, the diffusion coefficient and the mean free path equations are identical to
equations 2.2.14 and 2.2.20 but for the neutral species N . The sticking coefficient depends on
several factors, two of particular importance being the surface wall material and the operating
pressure of the reactor [61, 78]. The GM uses values taken from simulations conducted with
similar operating conditions where all sticking coefficients except ground state atomic oxygen
are constant parameters [32, 60, 61]. The sticking coefficient of ground state atomic oxygen is
dependent on pressure as shown in equation 1.3.40 [32]. The values of the sticking coefficient
that are important for the results in this thesis can be found at the bottom of table 2.2, and the
sticking coefficients for all the neutral species included within the GM in table 3 inside Michel
Osca Engelbrecht et al. (2024) [32].

γO =

¨

1− pO2
[mTorr]/4, pO2

< 2mTorr
0.1438ex p(2.5069/pO2

[mTorr]), otherwise
(2.2.29)

Here pO2
is the pressure of O2 within the reactor in mTorr and the expressions have been

derived for stainless steel reactors [61]. Please note that for all simulations used within this
thesis, the pressure is greater than 2 mTorr.
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2.2.7 Atomic Energy Transitions

The radiation process of the dexcitation of excited states from energy level a to a lower energy
level b through the emission of radiation at a wavelength of λab is included in this GM with
rates described by Einstein coefficients for spontaneous emission. The reactions that include a
radiative component are shown in figure 2.2 and in table 4 inside Michel Osca Engelbrecht et
al. (2024) [32]. For higher energy-level transitions, a cascade process is used to simplify the
transitions to reduce the complexity of the collisional radiative scheme [32, 60].

Figure 2.2: Energy level diagram of atomic oxygen with the radiative transitions included
inside the GM shown. The cascading levels shown are a representative subset of existing high
energy levels. [85]. Reproduced from Engelbrecht et al. (2024) [32] Plasma Sources Science

and Technology, licensed under CC by 4.0. Figure originally adapted from Fiebrandt et al.
(2020) [60], Plasma Sources Science and Technology, licensed under CC by 4.0.

Cascading processes collect several energy transitions into a single reaction without the need to
know the intermediate states in-between. Typically, reactions that require the use of cascading
processes are electron excitation of atomic oxygen or dissociative exciton of O2, which can excite
to a high energy level before quickly decaying to a lower state that is included in the GM [32].
This is included in the GM as a simplification as modelling each step in the cascading decay
down to the lower state with Einstein coefficients would significantly increase the complexity
of the collisional radiative scheme [32]. Several reactions are included in the GM that include
cascades; these include electron excitation of atomic oxygen, as well as a number of reactions
that are based on emission cross sections that include cascade processes. Such as the electron
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dissociation of O2 in reaction number 381 in table A7 within Michel Osca Engelbrecht et al.
(2024) [32] e +O2 → e + 2O + λ130.4 where a wavelength of 130.4 nm is released due to the
contribution of cascading processes. A more in-depth explanation of these processes and how
they are incorporated into the GM is provided by Michel Osca Engelbrecht et al. (2024) [32].

Another physical mechanism captured by the GM is self absorption [32]. Self absorption is an
effect where a particle in the lower energy state of an energy transition reabsorbs the emitted
photon from the energy transition and therefore excites back to the higher energy state. This is
important to be included in the model due to its impact on the densities of the emitting species
as well as the intensity of radiation leaving the plasma [32]. This is achieved in the GM by
adding an escape factor γab as a correction to the spontaneous emission Einstein coefficient
Aab, which is done following an approach by M. Fiebrandt et. al [60]. The emission rate Kab is
shown in equation 2.2.30 and the intensity per unit volume Iab is shown in equation 2.2.31 for
atomic transitions where self absorption is a factor [32].

Kab = γabAab (2.2.30)

Iab = Kabna (2.2.31)

Here, Aab is the Einstein coefficient for spontaneous emission, na is the density of the upper
energy level a and γab is the escape factor calculated using an empirical formula from R. Mewe
(1967) and as shown in equation 2.2.32 [32, 86].

γab =
2− ex p(−10−3κab,0R)

1+κab,0R
(2.2.32)

Here, this factor is correct where Doppler broadening is the dominant line boarding mechanism
as is true for the low pressure conditions inside the plasmas used in this thesis. Furthermore,
κab,0 is the absorption coefficient at the centre of the emission line, which is calculated as shown
in equation 2.2.33, which is from T. Holstein (1947) [32, 87].

κab,0 = nbAab
ga

gb

λ3
ab,0

8π

√

√ mN

2kB TNπ
(2.2.33)

Here, nb is the density of the lower energy level b, ga is the statistical weight of the energy
level a, gb is the statistical weight of the energy level b and λab,0 is the central wavelength of
the emission line.

The species used in this GM as shown in table 2.1 consists of a number of species that are
made up of grouped states. This is useful for the plasma-chemical model due to their similar
energies; however, the fact that their radiation is emitted at different wavelengths needs to be
accounted for. Therefore, the density distribution of the states within each grouped state must
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be estimated following the approach in [60]. The density of each multiplet level nm is shown
in equation 2.2.34 [32].

nm =
gm
∑

i
gmi

ng (2.2.34)

Here, gm are the statistical weights of each multiplet level within the group state, ng is the
density of the grouped state, and

∑

i
gmi

is the sum of the statistical weights of each multiplet

level in the grouped state. For more details on the effect of grouped states and their statistical
weights on the species in table 2.1, see the paper by Michel Osca Engelbrecht et al. (2024)
[32].

2.3 Simulation Geometry and Operating Parameters

The geometry of the reactor used for the simulations inside this thesis is based on a modified
version of the gaseous electronics conference (GEC) reference cell [88]. The modified GEC
reference cell is a cylindrical inductively coupled plasma reactor which consists of a five-turn
circular coil on the top of the reactor and a grounded electrode on the bottom of the reactor.
The dimensions of the reactor consist of a distance of 43 mm between the coil and the electrode
and a radius of 51 mm as shown inside the red dashed box in figure 2.3, however, this has been
approximated in the simulations carried out in this thesis to 4 and 5 cm, respectively [89]. The
rest of the figure depicts the design of the real reactor, including the electrodes and gas flow.

The plasma input parameters used in this thesis vary from a base case, with each chapter in-
vestigating the effect on the efficiency of surface fluxes with a different parameter variation.
The base case is depicted in table 2.4 where the parameters being varied are frequency, duty
cycle average power, pressure and whether the oxygen mixture fraction is 0.1 or 0, with the
rest being a constant in all simulations. The oxygen mixture fraction is the proportion of the
plasma that is made up of O2 so that nAr = (1−χO2

)nT and n02
= χO2

nT where χO2
is the oxygen

mixture fraction and nT is the total neutral gas density determined from the initial pressure,
temperature and volume. The initial density of the ions is divided between the argon and O2

ions in proportion to the oxygen mixture fraction with the initial electron density equal to the
total initial ion density to maintain quasineutrality so that ne = nO+2

+ nAr+ = np where np is
the total initial density of ions. The rest of the neutral and charged species start with an initial
density of zero.
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Figure 2.3: Depicts the geometry of the modified GEC reference cell where the cylindrical
reactor simulated in this thesis is the region inside the red dashed box. Adapted from A. Greb

(2013) [89]. Licensed under CC by 2.5.

Table 2.4: Depicts the Initial Simulation Parameters of the Base Case

Oxygen Gas Mixture Fraction Frequency (kHz) Duty Cycle Average Power (W ) Pressure (Pa)
0.1 10 0.5 400 5

Neutral Gas Temperature (K) Initial electron Temperature (eV ) Simulation End Time (s)
1000 1.5 0.005

Initial Density of Ions (m−3) Initial Density of Electrons (m−3)
1× 1010 1× 1010

In chapter 4 a pressure variation from 1 to 25 Pa is applied at multiple average powers between
200 and 1000 W to a gas with an oxygen mixture fraction of 0.1. In chapter 3 the oxygen
mixture fraction is set 0 to create a pure argon plasma, and a frequency variation of 5 to 50
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Khz and a duty cycle variation from 0.1 to 0.9 is applied at multiple average powers between
200 and 600 W . Furthermore, a pressure variation of 0.5 to 25 Pa is applied at multiple average
powers between 200 and 1000 W .

2.4 Validity of Results

This GM has been extensively compared to experimental measurements using a similar induc-
tively coupled cylindrical reactor with geometry of a radius of 20 cm and distance between the
coil and grounded electrode of 20 cm which possesses electron and Arm density’s and electron
temperatures similar to those found in the plasmas simulated in this thesis by Michel Osca
Engelbrecht et al. (2024) [32]. The comparison shows that the simulation results follow ex-
perimental measurements qualitatively over a wide range of pressures, average powers and
oxygen mixture fractions, and since the reactor geometry and properties are similar, results
from modified GEC reference cell have a strong likelihood to follow qualitatively to experimen-
tal measurements. An additional caveat to note is that the experimental comparison by Michel
Osca Engelbrecht et al. (2024) was performed with plasmas simulated using a constant power
deposition, whereas plasmas simulated in this thesis are using pulsed power deposition [32].
The experimental comparison of pulsed power deposition plasmas is something that should be
done in the future; however, it is expected to still follow qualitatively to experimental measure-
ments. Therefore, this GM can be used accurately to control and improve the efficiency of flux
in atomic layer processes inside the modified GEC reference cell. Furthermore, the assumption
of a constant heavy particle temperature of 1000 K is shown to not have a strong influence on
the qualitative trend and therefore will not have an effect on the results in this thesis [32].

2.5 Power Pulse and Data Analysis Methods

The shape of the power pulse can vary based on the input parameters. The pulsed power cycle
repeats at a frequency f where at the beginning of the cycle the input power goes to the power
amplitude calculated by Pamp = D · Pavg for the proportion of the cycle defined by the duty cycle
D before returning to a power of 0 W . This type of waveform is known as a square waveform
and can be seen in figure 2.4 where figure 2.4a represents the base case power waveform, and
figure 2.4b shows how the waveform is affected by changing the duty cycle to 0.2. Please note
that the average power is kept the same between each different duty cycles by changing the
maximum amplitude as well as the length of time the power is on.

The rapidly changing power in the pulsed power regime creates densities and other plasma
parameters that form a dynamic equilibrium throughout the time of the simulation. This dy-
namic equilibrium forms where shortly after the breakdown of the plasma the properties of the
plasma begin to cycle around a point of equilibrium with the period of the frequency of the
power cycle as can be seen in figure 2.5. Therefore, the simulation timespan is long enough
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for the data to be representative of the plasma properties even if the power is coupled into the
plasma for longer.
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Figure 2.4: Depicts the Input Power of the Last Pulse as a Function of Time with a Frequency
of 10 Khz and an Average Power of 400 W . Here (a) has a Duty Cycle of 0.5 and Peak Power

of 800 W and (b) has a Duty Cycle of 0.2 and Peak Power of 2000 W
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Figure 2.5: Depicts the Number Density of Atomic Oxygen as a Function of Time across the
Whole Timespan of the Simulation

Since each pulse is identical, an average of the data during the last pulse of the dynamic equi-
librium can be used to create a data point that is representative of the whole plasma. This is
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achieved by using the NumPy trapz function in python to average the values in the last pulse
[90]. This function computes a time integrated value of the data that accounts for the differ-
ence in time steps between, then the time integrated value is divided by the time span of the
last pulse to gain an averaged value. To average the values of the argon only simulations for
the purpose of ALE processing, the shape of the plasma potential across the final pulse needs
to be taken into account. This is because only the surface flux of argon ions inside the energy
window of the surface material to be etched should be considered. The vast majority of the
energy of ions that impact the surface is gained by accelerating across the plasma potential of
the sheath. Therefore, only the region of time where the plasma potential is inside the energy
window of the surface material that is being etched should be considered. The shape of the
plasma potential during the last pulse of the base case can be seen in figure 2.6.
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Figure 2.6: Depicts the Plasma Potential during the Last Pulse of the Base Case as a Function
of Time, where the orange line denotes where the power is turned off during the last pulse.

Here, the Frequency is 10 Khz, the Duty Cycle is 0.5, the Pressure is 5 Pa, the Average Power
is 400W and the Oxygen Mixture Fraction is 0.1

In figure 2.6 the plasma potential spikes when the power is initially turned on and then decays
to a consistent value, which changes based on the plasma input parameters. Once the power
is turned off, the potential decreases significantly to less than 10 eV . This is important as the
energy window for germanium is between 20 and 30 eV . Germanium is chosen because induc-
tively coupled plasmas typically produce plasma potentials that lie in this range for pressure
values used in the simulations in this thesis, and other materials possess an energy window
higher than this plasma potential [40, 82]. Therefore, the time frame where the plasma poten-
tial is sufficient for etching germanium is only the beginning of the pulse where the power is on.
So, to average the argon-only simulation values, which are used when investigating plasmas
for the purpose of ALE processes, the same method is applied, but only over the portion of the
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pulse when the power is on, and then divided by that amount of time. Please note that whilst
the spike in the beginning of the pulse can be outside of the energy window, the duration of
the spike is brief and is unlikely to affect the results.

An important equation for the results is how the efficiency of the flux of particles to the surface
walls of the reactor is calculated. The efficiency is defined as the energy per particle fluxed to
the surface and is calculated as seen in equation 2.5.1 by dividing the energy inputted into the
plasma in the last pulse by the surface fluence in the last pulse.

EΦs
=

EP

Φs
(2.5.1)

Here, EΦs
is the energy per particle fluxed to the surface measured in Joules J , EP is the energy

of the last pulse where EP =
Pavg

f and Φs is the surface fluence in the last pulse. The surface
walls fluence is calculated by using the same method to average surface flux values as above,
however, not dividing by the length of time of the pulse to get a total particle count fluxed to the
surface instead, where for argon only plasmas in chapter 3 it is the total particle count fluxed
to the surface inside the time the power is on.

Additionally, the flux used in the discussion of the effects on atomic oxygen ground and excited
states, which informs the energy per particle fluxed to the surface of atomic oxygen, is the flux
of particles that recombine or de-excite at the surface walls of the reactor. This is calculated
slightly differently, as the output from the simulation is a per volume reaction rate of the recom-
bination or neutralisation reactions where the reactions are reactions 352, 353 and 354 in table
2.2 with the units of m−3s−1. This is normalised to the surface area like the rest of the surface
fluxes by multiplying the value V

A where V is the volume of the reactor and A is the surface area
of the reactor. Then after the data are normalised, the surface flux of atomic oxygen ground
and excited states is analysed in the same way as the other surface fluxes as shown above.



Chapter 3

Production and Flux of Argon Ions in a
Pure Argon Plasma for ALE

In this chapter, the effect of changing the pressure, frequency and duty cycle at multiple aver-
age powers on the production of argon ions and the input energy per argon ion fluxed to the
surface in a completely argon plasma is investigated for the purpose of ALE processes. Argon is
important for ALE processes, as argon is a noble gas with a full outer shell of valence electrons.
As such, argon is chemically inert and, therefore, is ideal for the physical sputtering process
without altering the chemical composition of the surface. Additionally, argon has a limited set
of reactions, being able to be excited and ionised only. Therefore, the production of argon ions,
which are needed so that they can accelerate across the plasma potential to sputter the material
in ALE, can be undertaken with less energy being used to produce other particles. The base
case for this chapter can be seen in table 2.4 where the mixture fraction has been set to 0 so
that the initial density of the argon ions is 1× 1010. The pressure is varied between 1 and 25
Pa at multiple average powers between 200 and 1000 W , the frequency is varied between 5
and 50 Khz and the duty cycle is varied between 0.1 and 0.9, both at multiple average powers
between 200 and 600 W .

3.1 Temporal Variation of Plasma Properties

During each power pulse, the important plasma properties that affect the production and flux
of ionised argon vary temporally in a non-uniform manner. The way in which the plasma
properties vary depends on the amount of power applied to the plasma and the amount of time
within the pulse that the power is applied. Therefore, as plasma input parameters, such as the
frequency and duty cycle, are varied, the plasma properties temporally vary differently, which
affects the averaged values of the properties during the pulse. As such, this section investigates
how the plasma properties important to the production and flux of Ar+ vary temporally during
the last pulse of the base case simulation. The temporal variation of the plasma properties can

47
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be seen in figure 3.1. Here, the temporal variation of the number densities of Ar+ and electrons
can be seen in figure 3.1a and the temporal variation of the temperature of the electrons and
plasma potential can be seen in figure 3.1b. Additionally, in both figures 3.1a and 3.1b the
orange line denotes when the power is switched off during the last pulse where the waveform
of the input power for the base case can be seen in figure 2.4a.
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Figure 3.1: (a) Number Density of Electrons and Ar+ and (b) Temperature of the Electrons
and Plasma Potential as a Function of Time during the Last Pulse of the Base Case

In figure 3.1a the number densities of electrons and Ar+ increase during the power-on phase,
with the rate of increase decreasing over time approaching a steady value. This is because the
applied power increases the rate of electron impact ionisation, leading to an increase in the
number density of electrons and Ar+. The increase in the number density of the particles in-
creases loss mechanisms, such as electron ion recombination and surface flux, which decrease
the rate of increase in the number densities. This leads to a dynamic equilibrium where the
production and loss mechanisms balance to produce a steady state, causing the number den-
sity of charged particles to approach a steady value. After the power is turned off in figure
3.1a the number densities of electrons and Ar+ decrease with the rate of decrease decreasing
over time. This is because when the power is off, the electrons lose energy rapidly, which de-
creases electron impact ionisation. Therefore, the loss mechanisms will dominate, causing the
number density of electrons and Ar+ to decrease. Additionally, the density of charged particles
decreases approximately exponentially as a result of the timescale of diffusion to the reactor
walls. In figure 3.1b the temperature of the electrons and the plasma potential increase rapidly
when the power is turned on, reaching a maxima and then decreasing to a steady value. This
is because when the power is turned on the deposited power is distributed between relatively
few electrons, and therefore the temperature of electrons increases rapidly. However, over time
the number density of electrons increases; therefore, the power deposited into the plasma is
split between more electrons, reducing the energy per electron, causing the temperature to
decrease from the maxima. As time increases, the temperature of electrons enters a dynamic
equilibrium as the power absorbed by the plasma balances with energy losses from elastic and
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inelastic collisions and electron flux to the surface. After the power is turned off in figure 3.1b
the temperature of the electrons and the plasma potential quickly decrease before approaching
a steady value for the remainder of the pulse. This is because in the absence of power being
deposited into the plasma, electrons lose energy rapidly due to collisions and electron surface
flux, causing the temperature of electrons to decrease rapidly. Then around 1 eV the rate of
decrease slows significantly because the temperature of electrons becomes too low to sustain
significant amounts of inelastic collisions due to the threshold energies of many inelastic colli-
sions. This decreases the amount of energy lost inside the plasma, causing the temperature of
the electrons to approach a steady value. The plasma potential follows the trend in the tem-
perature of electrons as the plasma potential is approximately proportional to the temperature
of electrons. Additionally, the oscillatory behaviour of the temperature of electrons after the
power is turned off is likely due to a numerical artefact of the GM rather than a physical process.

3.2 Plasma Electron Properties

The density and temperature of electrons are vital to understanding the rate of production and
flux of argon ions to the surface, as can be seen in equations 1.3.4 and 1.3.15. In addition, the
electron temperature is important to the calculation of the plasma potential across the sheath,
which determines how much energy the ions possess and therefore whether they are inside the
ALE window. This is because the electron temperature is the main parameter that will require
the plasma potential to shift to satisfy the flux balance equation 2.2.25. As such, this section
investigates and discusses how electron properties vary as the input parameters of duty cycle,
frequency and pressure are changed.

3.2.1 Duty Cycle

A change in the duty cycle of the waveform of the input power controls the intensity at which
the power is applied to the plasma and the proportion of time in each pulse period of which the
power is applied. As such, this can affect the rate of heating of electrons and the ionisation rate
inside the plasma, affecting the density and temperature of electrons. The effects on electron
properties caused by changing the duty cycle from 0.1 to 0.9 can be seen in figure 3.2. Here,
the effect of a duty cycle change between 0.1 and 0.9 at multiple average power levels between
200 and 600 W on the temperature of electrons is shown in figure 3.2a and on the number
density of electrons is shown in figure 3.2b.

In figure 3.2a the temperature of electrons as the average power increases stays at a roughly
constant value, this coincides with a constant linear increase in the number density of electrons
as the duty cycle increases as seen in figure 3.2b. This is caused by the increasing average
power, causing an increase in ionisation proportional to the increase in average power rather
than any increase in the electron thermal energy.
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Figure 3.2: (a) Temperature of Electrons (eV ) and (b) Number Density of Electrons (m−3) as
a Function of Duty Cycle and Average Power

As the duty cycle increases in figure 3.2a, the temperature of the electrons decreases with the
rate of change decreasing exponentially as the duty cycle increases. This is due to the decrease
in the amplitude of the power pulse as the duty cycle increases. This causes less intense heating
of the electrons during the period of the pulse when the power is first turned on because the
rate of change in the temperature of the electrons is dependent on the power absorbed by the
plasma, as can be seen in equation 2.2.2. This leads to a smaller peak in the temperature of
electrons as the duty cycle increases, therefore decreasing the overall average temperature of
electrons during the power pulse (Figure not shown). In figure 3.2b, as the duty cycle increases,
the number density of electrons decreases with the rate of decrease slowing as the duty cycle
increases. This is caused by the particle balance inside the plasma. As the duty cycle increases,
the temperature of the electrons drops because of the decrease in the amplitude of the power
pulse, which decreases both the ionisation and loss mechanisms such as the electron surface
flux. Due to the high ionisation potential of argon at 15.76 eV , the rate of decrease in ionisation
is higher than the decrease in the electron surface flux. Therefore, to maintain a pulsed periodic
steady state, the number density of electrons decreases.

3.2.2 Frequency

A change in the frequency of the waveform of the input power controls the length of time in each
cycle that electrons have to be ionised into the plasma bulk and for electrons to gain energy.
However, it also controls the length of time in each cycle that particles have to lose energy and be
lost to surface flux. As such, the frequency of the waveform can affect the average temperature
and density of electrons throughout the power pulse. The effects on electron properties caused
by changing the frequency from 5 to 50 Khz can be seen in figure 3.3. Here, the effect of the
frequency change between 5 and 50 Khz at multiple average power levels between 200 and
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600 W on the temperature of electrons is shown in figure 3.3a and on the number density of
electrons is shown in figure 3.3b.
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Figure 3.3: (a) Temperature of Electrons (eV ) and (b) Number Density of Electrons (m−3) as
a Function of Frequency and Average Power

In figure 3.3a the temperature of the electrons stays roughly constant as the average power
increases, and in figure 3.3b the number density of electrons increases linearly as the average
power increases due to the reasons discussed above for figure 3.2. The temperature of elec-
trons in figure 3.3a increases slightly with frequency roughly linearly. This is because as the
frequency increases the time that the power is on in each pulse becomes smaller, which gives
the temperature of electrons less time to reach the steady-state (Figure not shown). As such,
at higher frequencies the temperature of the electrons has less time to decrease from the initial
peak when the power is first turned on, therefore the overall temperature is higher at higher
frequencies. In figure 3.3b the number density of electrons decreases slightly as the frequency
increases with the rate of decrease slowing as the frequency increases. This is because as the
time that the power is on in each pulse becomes shorter, the plasma has less time to ionise
and reach the steady-state number density of electrons (Figure not shown). Therefore, during
the time the plasma pulse is on, the maximum number density of electrons is lower at higher
frequencies, which decreases the average density during the power pulse.

3.2.3 Pressure

A change in the pressure of the neutral gas that makes up the plasma affects the initial density
of the particles within the reactor. This can change the frequency of plasma collisions such as
ionisation which requires energy and also releases electrons, affecting the number density and
temperature of electrons. As such, the pressure of the plasma can significantly affect the prop-
erties of electrons. The effect on the properties of electrons by changing the plasma pressure
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from 1 to 25 Pa can be seen in figure 3.4. Here, the effect of the pressure change between
1 and 25 Pa at multiple average power levels between 200 and 1000 W on the temperature
of electrons is shown in figure 3.4a and on the number density of electrons is shown in figure
3.4b.
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Figure 3.4: (a) Temperature of Electrons (eV ) and (b) Number Density of Electrons (m−3) as
a Function of Pressure and Average Power

Similarly to frequency and duty cycle the effect of increasing the average power in figure 3.4
causes the temperature of electrons to remain constant and the number density of electrons to
increase linearly with average power. This is due to the same reasons as stated above for figure
3.2. In figure 3.4a the temperature of electrons decreases with an increase in pressure with
the rate of decrease decreasing exponentially. This is because as the gas pressure increases,
the number of elastic collisions with neutral particles increases because of the higher density of
neutral particles. This transfers energy from the electrons to other particles, which decreases
the temperature of the electrons. Additionally, at low pressures the flux of particles, in particular
argon ions, to the surface of the reactor increases; therefore, for the plasma to maintain a pulsed
periodic steady state the temperature of electrons increases to maintain sufficient ionisation
rates. In figure 3.4b the number density of electrons increases with pressure, with the rate
of increase decreasing slightly at higher pressures. This is because as pressure increases the
higher gas pressure requires a higher number density of electrons to maintain a pulsed-periodic
steady-state where the production and consumption of electrons are equal.

3.3 ALE Energy Window

To ensure that the argon ions have sufficient energy to etch the material, an investigation into
the average plasma potential over the time frame of the last pulse in which the power is applied
is necessary. Subsequently, only the range of input parameters that generate a plasma potential
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inside the energy window of germanium, which is 20 -30 eV , is used for further investigation.
The results from all other input parameters are not included because they do not produce a
plasma with sufficient plasma potential for the ALE process of germanium. Here, germanium
has been chosen as inductively coupled plasmas in the pressure ranges used in simulations
in this chapter produce plasma potentials in the range of the energy window of germanium,
where other materials have an energy window higher than these plasma potentials [40, 82].
The effect on the plasma potential as the frequency is varied between 1 and 50 Khz and the
duty cycle is varied between 0.1 and 0.9 both at multiple average powers between 200 and 600
W is shown in figures 3.5b and 3.5a, respectively. And the effect on the plasma potential as the
pressure is varied between 1 and 25 Pa at multiple average powers between 200 and 1000 W
is shown in figure 3.5c.
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Figure 3.5: Plasma Potential (V ) (a) as a Function of Duty Cycle and Average Power, (b) as a
Function of Frequency and Average Power and (c) as a Function of Pressure and Average

Power
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In all three graphs in figure 3.5 the plasma potential is roughly constant as the average power
increases. This is because the temperature of electrons is roughly constant with average power
increase and since the plasma potential scales roughly linearly to the temperature of electrons,
the plasma potential is constant as the average power increases. In figure 3.5a the plasma po-
tential decreases as the duty cycle increases with the rate of change slowing as the duty cycle
increases. This decrease in plasma potential as the duty cycle increases is due to the decrease
in the amplitude of the power pulse, which decreases the temperature of electrons, which sub-
sequently causes the plasma potential to decrease. The region at which the plasma potential is
within the energy window for germanium etching is found between duty cycles of 0.1 and 0.5.
In figure 3.5b the plasma potential increases with frequency roughly linearly. This is because
as frequency increases, there is an increase in the average temperature of electrons because of
a decreased amount of time for electron elastic collisions to occur during each pulse (Figure
not shown). This increase in the average electron temperature then subsequently increases the
plasma potential sightly as the frequency increases. The region in which the plasma poten-
tial is within the energy window for germanium etching is found between 10 and 50 Khz. In
figure 3.5c the plasma potential decreases as the pressure increases, with the rate of decrease
decreasing exponentially as the pressure increases. This is caused by the higher gas density,
which increases the number of elastic collisions with neutral particles, decreases the tempera-
ture of electrons, and causes the plasma potential to decrease. The region in which the plasma
potential is within the energy window for germanium etching is found between 0.5 and 5.0 Pa.
All graphs in the rest of the chapter are therefore only inside the input parameter ranges of 0.1
to 0.5 for the duty cycle 10 to 50 khz for frequency and 0.5 to 5.0 Pa for pressure to ensure
that the energy of the argon ions is inside the energy window of germanium. Additionally, it
can be seen that decreasing the overall density of the gas and increasing the intensity of the
pulses are effective methods to raise the plasma potential and can be utilised if you wanted to
etch a different material that has an energy window with higher energy values. It is important
to note that whilst the averaged plasma potential values for a duty cycle of 0.5, a frequency
of 10 Khz and a pressure of 5 Pa are inside the energy window for germanium, these values
are very close to being outside this window. Therefore, for these input parameters the plasma
potential is lower than 20 eV for a portion of the power pulse. However, the global model
only follows experiments qualitatively and, therefore, these values have an error associated
with them. These averaged values are still included because they are on average still inside the
energy window for germanium; therefore, the effect of this is likely to be minimal.

3.4 Production of Ar+

Argon ions inside the plasma are constantly produced and consumed through various mecha-
nisms when inside the plasma. The main mechanisms of production of argon ions are electron
ionisation of Ar, Ar(4P) and Arm, where ionisation of ground state argon is the most significant
reaction. The only significant consumption mechanism is the flux to the surface, as all other
significant loss mechanisms require oxygen to be present in the plasma. The flux of argon ions
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is dependent on the diffusion coefficient of argon ions because this determines the rate at which
argon ions diffuse to the edge of the sheath. We can treat these plasmas in a pulse period steady
state, where the density of argon ions is such that it balances the production and loss rate of
itself so that they are equal to each other.

3.4.1 Duty Cycle

How the plasma properties are affected by changing the duty cycle and the effect the plasma
properties have on the balance of the pulsed periodic steady state of argon ions and therefore
the number density of argon ions can be seen in figure 3.6. The temperature and number
density of electrons and the diffusion coefficient of argon ions in the duty cycle range between
0.1 and 0.5 at a constant average power of 400 W can be seen in figure 3.6a. The same plasma
properties in the average power range of 200 to 600 W at a constant duty cycle of 0.1 can be
seen in figure 3.6c. Additionally, the number density of argon ions for these respective input
parameters is also shown in figures 3.6b and 3.6d, respectively.

In figure 3.6a the number density and temperature of electrons decrease proportionally to D−1,
where D represents the duty cycle; as the duty cycle increases, the diffusion coefficient of argon
ions is roughly constant at all values of the duty cycle. In figure 3.6b the number density of
argon ions decreases proportionally to D−1 as the duty cycle increases. This is because as the
duty cycle increases, the amplitude of the power is lower, which lowers the temperature and
number density of electrons, as discussed in section 3.2.1. Additionally, because the duty cycle
has no effect on the initial density of neutrals inside the plasma, the diffusion coefficient of the
argon ions stays constant. This means that the production and consumption of argon ions as
the duty cycle increases becomes less effective; however, the decrease in consumption is less
significant than the decrease in production because the consumption decreases only from a
decrease in the Bohm velocity. This necessitates a decrease in the number density of argon ions
to maintain a pulsed periodic steady state, so the production and consumption of argon ions
are balanced. In figure 3.6c the temperature of the electrons and the diffusion coefficient of the
argon ions remain roughly constant as the average power increases and the number density of
electrons increases linearly as the average power increases. In figure 3.6d the number density
of argon ions increases linearly as the average power increases. This is because as the average
power increases, the number density of electrons increases but does not cause an increase
temperature of the electrons as discussed in section 3.2.1. Additionally, an increase in average
power has no effect on the density of heavy particles inside the plasma; therefore, the diffusion
coefficient stays constant, as there is no change in the number of heavy particle collisions. This
means that the production of argon ions becomes more effective as a result of a larger number of
electrons inside the plasma, while the consumption of argon ions stays the same because there
is no change in the diffusion or Bohm velocity. This necessitates a proportional increase in the
number density of argon ions to maintain a pulsed periodic steady state inside the plasma.
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Figure 3.6: Temperature (eV ) and Number Density (m−3) of electrons and the Diffusion
Coefficient (m2s−1) of Argon Ions (a) as a Function of Duty Cycle at an Average Power of 400
W and (c) as a Function of Average Power at a Duty Cycle of 0.1. Number Density of Argon

Ions (m−3) (b) as a Function of Duty Cycle at an Average Power of 400 W and (d) as a
Function of Average Power at a Duty Cycle of 0.1

3.4.2 Frequency

The effect of a frequency variation on the plasma properties that affect the consumption and
production of argon ions as well as the effect on the number density of argon ions can be seen
in figure 3.7. The temperature and number density of the electrons and the diffusion coefficient
of the argon ions in the frequency range between 10 and 50 Khz at a constant average power
of 400 W can be seen in figure 3.7a. The same plasma properties in the average power range
of 200 to 600 W at a constant frequency of 10 Khz can be seen in figure 3.7c. Additionally,
the number density of argon ions for these respective input parameters is also shown in figures
3.7b and 3.7d, respectively.
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Figure 3.7: Temperature (eV ) and Number Density (m−3) of electrons and Diffusion
Coefficient (m2s−1) of Argon Ions (a) as a Function of Frequency at an Average Power of 400

W and (c) as a Function of Average Power at a Frequency of 10 Khz. Number Density of
Argon Ions (m−3) (b) as a Function of Frequency at an Average Power of 400 W and (d) as a

Function of Average Power at a Frequency of 10 Khz

In figure 3.7a the temperature of the electrons and the diffusion coefficient of the argon ions
increases slightly and the number density of the electrons decreases proportionally to f −1. The
reason why the electron properties change is discussed in section 3.2.2. Also in figure 3.7b the
number density of argon ions decreases slightly with frequency. This means that because of a
decreased electron density, production of argon ions is hindered, with consumption of argon
ions becoming more effective because of the higher diffusion coefficient and Bohm velocity. This
necessitates a decrease in the density of argon ions to maintain the balance of production and
consumption of argon ions in a pulsed periodic steady state. In figure 3.7c the temperature of
the electrons and the diffusion coefficient of the argon ions are constant at all values of average
power and the number density of electrons increases linearly with average power. Also, in figure
3.7d the number density of argon ions increases linearly with the average power. This is the
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same trend observed at a duty cycle of 0.1 as discussed above, so the effect of the average power
between 200 and 600 W on the production of argon ions is not dependent on the frequency or
duty cycle. This effect is caused by the average power increasing the ionisation of the plasma
without increasing the electron temperature, as discussed in section 3.2.2. This means that the
production of argon ions is more effective, whereas the effectiveness of consumption remains
unchanged. This necessitates an increase in the number density of argon ions to balance the
production and consumption to maintain a pulsed periodic steady state.

3.4.3 Pressure

The effect of a change in the pressure of the plasma on the properties that affect the consump-
tion and production of argon ions, affect on the number density of argon ions can be seen in
figure 3.8. The diffusion coefficient of argon ions as a function of pressure and average power
can be seen in figure 3.8a The temperature and number density of electrons and the number
density of argon ions in the pressure range between 0.5 and 5.0 Pa with a constant average
power of 400 W can be seen in figure 3.8b. The same plasma properties in the average power
range of 200 to 600 W at a constant pressure of 5.0 Pa can be seen in figure 3.8d. Additionally,
the number density of argon ions for these respective input parameters is also shown in figures
3.8c and 3.8e, respectively.

In figure 3.8a the diffusion coefficient of argon ions decreases proportionally to P−1 but remains
constant as the average power changes. This is because as the gas pressure increases, a larger
number of collisions occur inside the plasma due to the density of the gas increasing, whereas
increasing the average power does not increase the overall gas density, and therefore has no
effect on the diffusion coefficient. In figure 3.8b the temperature of electrons decreases pro-
portionally to P−1, the number density of argon increases linearly as the pressure increases and
the number density of the electrons increases as the pressure increases with the rate of increase
decreasing as the pressure increases. Also, in figure 3.8c the number density of argon ions
increases with pressure, with the rate of increase decreasing slightly at higher pressures. This
is because as the gas pressure increases, the density of heavy argon particles inside the plasma
increases and therefore decreases the electron temperature due to increased elastic collisions
and increases the electron number density, as discussed in section 3.2.3. When combined with
the decreased diffusion coefficient, the consumption of argon ions is hindered, with the produc-
tion of argon ions also being hindered because of the strong dependence on the temperature
of electrons. However, consumption is hindered more significantly because of the increase in
the number density of argon and electrons, which serve to increase the production. Therefore,
this necessitates an increase in the number density of argon ions to maintain a pulsed periodic
steady state within the plasma. In figure 3.8d the temperature of the electrons and the number
density of argon remain constant at all values of average power and the number density of
electrons increases linearly as average power increases, as discussed in section 3.2.3. Also, in
figure 3.8e the number density of argon ions increases linearly as the average power increases.
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Figure 3.8: Diffusion Coefficient of Argon Ions (m2s−1) (a) as a Function of Pressure and
Average power, Temperature (eV ) and Number Density (m−3) of electrons and Number

Density of Argon (m−3) (b) as a Function of Pressure at an Average Power of 400 W and (d)
as a Function of Average Power at a Pressure of 5.0 Pa. Number Density of Argon Ions (m−3)
(c) as a Function of Pressure at an Average Power of 400 W and (e) as a Function of Average

Power at a Pressure of 5.0 Pa
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This makes the production of argon ions more effective while the effectiveness of consumption
remains unchanged, necessitating an increased number density of argon ions to maintain a
pulsed periodic steady state. This is the same trend as observed at a duty cycle of 0.1 and at 10
Khz as discussed above. Therefore, the effect of the change in average power on the number
density of argon ions is independent of the input parameters of the pressure of the gas or the
frequency and duty cycle of the power waveform.

3.5 Argon Ion Surface Flux

The flux of ions onto the surface of the reactor is driven by the potential difference inside the
sheath where ions entering the sheath are accelerated onto the surface of the reactor. Therefore,
when determining the surface flux, we need to determine the flux of ions into the sheath from
the plasma bulk. The flux into the sheath and, therefore, the flux onto the surface walls can
be seen in equation 1.3.4 where the diffusion coefficient and number density of argon ions
determine the number density at the sheaths edge and the temperature of electrons determine
the Bohm velocity which an increase in all factors leads to a higher surface flux. Finding a
regime with an optimal combination of those factors for the energy inputted into the plasma is
vital to reduce the energy required for ALE.

3.5.1 Duty Cycle

The effect of the change in duty cycle and average power on the plasma parameters that de-
termine the surface flux of argon ions and the effect on the surface flux and surface fluence
of argon ions is shown in figure 3.9. The temperature of electrons and the number density
and diffusion coefficient of argon ions as a function of duty cycle between 0.1 and 0.5 at an
average power of 400 W can be seen in figure 3.9a. The same plasma properties as a function
of average power between 200 and 600 W at a duty cycle of 0.1 can be seen in figure 3.9c.
Additionally, the surface flux of argon ions for these respective input parameters can be seen
in figures 3.9b and 3.9d, respectively. The surface fluence of argon ions, defined as the total
number of argon ions that is fluxed to the surface during the power-on period of the last cycle,
is shown in figure 3.9e. The surface fluence is calculated by multiplying the surface flux per
second by the duration for which the power is on in the final cycle. This duration depends on
the duty cycle, since the duty cycle represents the fraction of the cycle during which the power
is on, with each simulations last cycle in this section having the same total duration, since they
all have the same frequency. Here, the graphs for the number density and diffusion coefficient
of argon ions and the temperature of electrons are included again to help illustrate why the
trends in the surface flux of argon ions appear.
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Figure 3.9: Temperature (eV ) of electrons and the Number Density (m−3) and Diffusion
Coefficient (m2s−1) of Argon Ions (a) as a Function of Duty Cycle at an Average Power of 400
W and (c) as a Function of Average Power at a Duty Cycle of 0.1. Surface Flux of Argon Ions
(m−2s−1) (b) as a Function of Duty Cycle at an Average Power of 400 W and (d) as a Function
of Average Power at a Duty Cycle of 0.1 and the Surface Fluence of Argon Ions (m−2) (e) as a

Function of Duty Cycle and Average Power
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In figure 3.9a the temperature of the electrons and the number density of the argon ions de-
creases proportionally to D−1 and the diffusion coefficient remains constant at all values of duty
cycle. Also in figure 3.9b the surface flux of argon ions decreases proportionally to D−1. This is
because as the duty cycle increases, the decrease in the amplitude of the power decreases the
temperature of the electrons, hindering the production of argon ions and therefore causing a
decrease in the density of argon ions, as discussed in sections 3.2.1 and 3.4.1. The constant
diffusion coefficient means that the effectiveness of the argon ions diffusing to the edge of the
sheath is not affected. Therefore, in combination with a decrease in the number density of ar-
gon ions in the plasma bulk, this means that the density of argon ions at the edge of the sheath
decreases. This, combined with the lower temperature of the electrons that lowers the Bohm
velocity into the sheath, causes the surface flux of argon ions to decrease by 64% as the duty
cycle increases from 0.1 to 0.5. In figure 3.9c the temperature of the electrons and the diffusion
coefficient of the argon ions remain constant at all values of duty cycle and the number density
of the argon ions increases linearly as the average power increases, as discussed in sections
3.2.1 and 3.4.1. Also in figure 3.9d the surface flux of argon ions increases linearly as the aver-
age power increases. This means that the Bohm velocity stays the same at all values of average
power with the density at the edge of the sheath increasing because the density in the plasma
bulk increases and the diffusion coefficient remains constant. Therefore, this creates a linear
dependence on the average power for the surface flux of argon ions because of a linear increase
in the density of argon ions at the edge of the sheath. In figure 3.9e the surface fluence of argon
ions decreases as the duty cycle increases with the rate of decrease slowing as the duty cycle
increases and increases linearly with average power. The trend in surface fluence, as the duty
cycle changes, is opposite to the trend in surface flux because the values of the flux are inside
the period of time where the power is on. This is because the difference in the time that the
power is on, as can be seen in figure 2.4 reverses the trend. The surface flux increases by 175%
from 0.5 to 0.1 duty cycle; however, the time the power pulse is on decreases by 80%. This
means that more total particles are fluxed to the surface during the last pulse at higher duty
cycles, which means that the fluence increases as the duty cycle increases. However, surface
fluence follows the same trend with average power as surface flux because there is no length
of time difference between each different average power at a specific duty cycle; therefore,
fluence will follow the same trend as the flux.

3.5.2 The Effect of Duty Cycle on the Input Energy per Argon Ion Fluxed
to the Surface

Reducing the input energy per argon ion fluxed to the surface is important for reducing the
energy usage during ALE processes commonly used in semiconductor manufacturing. As such,
the input energy per argon ion fluxed to the surface is calculated using equation 2.5.1 as a
function of the duty cycle and the average power is shown in figure 3.10.

In figure 3.10 the input energy per particle fluxed to the surface of argon ions decreases as
the duty cycle increases with the rate of decrease slowing as the duty cycle increases and stays
constant as the average power increases. The reason why increasing the duty cycle decreases
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the input energy per argon ion is that the length of time the power is on in each pulse increases
more than the flux per second decreases as the duty cycle increases. This allows more argon
ions to be fluxed to the surface at the given power level, hence decreasing the input energy
per argon ion fluxed to the surface. The input energy per argon ion stays constant as the
average power changes as the flux of argon ions increases proportionally to the average power
as it increases. The flux increases are due to the number density of argon ions also increasing
linearly in proportion to average power due to the additional energy provided to the plasma
directly increasing ionisation proportional to the average power increases instead of using the
energy to increase the temperature of electrons. Therefore, in the range of average powers and
duty cycle tested, the average power can be changed to control the rate at which argon ions
are incident with the surface material with no effect on the input energy per argon ion fluxed
to the surface.
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Figure 3.10: Input Energy per Argon Ion Particle fluxed to the surface (J) as a Function of
Duty Cycle and Average Power

3.5.3 Frequency

The effect of the change of frequency and average power on the plasma parameters that deter-
mine the surface flux of argon ions and the effect on the surface flux of argon ions, is shown in
figure 3.11. The temperature of the electrons and the number density and diffusion coefficient
of the argon ions as a function of frequency between 10 and 50 Khz at an average power of
400 W can be seen in figure 3.11a. The same plasma properties as a function of average power
between 200 and 600 W at a frequency of 10 Khz can be seen in figure 3.11c. Additionally,
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the surface flux of argon ions for these respective input parameters can be seen in figures 3.11b
and 3.11d, respectively.

10 15 20 25 30 35 40 45 50
Frequency / Khz

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

El
ec
tro

  
Te
m
pe
ra
tu
re
 / 
eV

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Ar
+
 N
um

be
r D

e 
sit
y 
/ m

−3

×1018

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Ar
+
 D
iff
us
io
  
Co

ef
fic
ie
 t
 / 
m

2 s
−1

(a)

10 15 20 25 30 35 40 45 50
Frequency / Khz

0.0

0.5

1.0

1.5

2.0

2.5

Ar
+

 S
ur

fa
ce

 F
lu

x 
/ m

−2
s−1

×1021

(b)

200 250 300 350 400 450 500 550 600
Average Power / W

0

1

2

3

4

El
ec
tro

  
Te
m
pe
ra
tu
re
 / 
eV

0

1

2

3

4

5

6

Ar
+
 N
um

be
r D

e 
sit
y 
/ m

−3

×1018

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Ar

+
 D
iff
us
io
  
Co

ef
fic
ie
 t
 / 
m

2 s
−1

(c)

200 250 300 350 400 450 500 550 600
Average Power / W

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
Ar

+
 S

ur
fa

ce
 F

lu
x 

/ m
−2

s−1

×1021

(d)

Figure 3.11: Temperature (eV ) of electrons and the Number Density (m−3) and Diffusion
Coefficient (m2s−1) of Argon Ions (a) as a Function of Frequency at an Average Power of 400
W and (c) as a Function of Average Power at a Frequency of 10 KHz. Surface Flux of Argon

Ions (m−2s−1) (b) as a Function of Frequency at an Average Power of 400 W and (d) as a
Function of Average Power at a Frequency of 10 KHz

Here, the graphs for the number density and diffusion coefficient of argon ions and the tem-
perature of electrons are included again to help illustrate why the trends in the surface flux of
argon ions appear.

In figure 3.11a the temperature of the electrons and the diffusion coefficient of the argon ions
increases slightly and the number density of argon ions decreases proportionally to f −1. Also in
figure 3.11b the number density of argon ions decreases proportionally to f −1. This is because
as frequency increases, more energy is deposited into electron heating rather than being used
to cause ionisation, which decreases the number density of argon ions whilst only causing a
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slight increase in the temperature of electrons, as discussed in sections 3.2.2 and 3.4.2. This
means that the number density of argon ions at the edge of the sheath decreases because of
a lower density in the plasma bulk, which is not counteracted by the slight increase in the
diffusion coefficient. The lower number density of argon ions at the edge of the sheath, as the
frequency increases, is not mitigated by the increase in Bohm velocity from the slight increase in
the temperature of electrons, and therefore, reduces the surface flux of argon ions as frequency
increases. In figure 3.11c the temperature of the electrons and the diffusion coefficient of the
argon ions remain constant at all values of the average power, and the number density of argon
ions increases linearly as the average power increases, as discussed in sections 3.2.2 and 3.4.2.
Also in figure 3.11d the surface flux of argon ions increases linearly as the average power
increases. This increases the number density of argon ions at the edge of the sheath combined
with a constant Bohm velocity because of the constant temperature of the electrons, and this
causes an increase in the surface flux. This is the same trend in the surface flux as the average
power changes observed in the duty cycle variation, and therefore, the effect of average power
on the surface flux of argon ions is not affected by duty cycle or frequency differences.

3.5.4 The Effect of Frequency on the Input Energy per Argon Ion Fluxed
to the Surface

How the input energy per argon ion fluxed to the surface which is calculated using equation
2.5.1 changes as a function of frequency and the average power is shown in figure 3.12.
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Figure 3.12: Input Energy per Argon Ion Particle fluxed to the surface (J) as a Function of
Frequency and Average Power
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In figure 3.12 the input energy per argon ion fluxed to the surface increases as the frequency
increases and stays constant as the average power changes. However, at higher frequencies,
there is a maximum with average power; however, the change is small enough to be caused by
rounding or run to run variance. The reason why the input energy per argon ion fluxed to the
surface increases with frequency is that more energy is deposited into electron heating rather
than being used in ionisation reactions. This causes a lower number density of argon ions at
the edge of the sheath and therefore a lower surface flux of argon ions for the same energy
inputted into the plasma at higher frequencies. However, the effect in increasing the input
energy per argon ion fluxed to the surface as the frequency increases is minimal at a change
of only 1.68 × 10−18 J compared to the change of 1.35 × 10−17 J in the duty cycle variation.
Furthermore, increasing the frequency increases the plasma potential slightly, which would let
the plasma operate at a higher duty cycle whilst still being inside the ALE energy window. The
effect on the input energy per argon ion of the increased duty cycle could potentially offset the
increase in input energy per argon ion caused by the increased frequency; however, this is not
tested here. The input energy per argon ion fluxed to the surface stays constant as the average
power changes because increasing the average power causes increased ionisation reactions
proportional to the increase in the average power rather than increasing the temperature of
the electrons. This is the same trend as observed with a duty cycle variation; therefore, the
effect of average power on the input energy per argon ion fluxed to the surface is unaffected by
the shape of the waveform. Furthermore, in the range of average powers and frequency tested,
the average power can be changed to control the rate at which argon ions are incident with the
surface material with no effect on the input energy per argon ion fluxed to the surface.

3.5.5 Pressure

The effect of changing the pressure and average power on plasma parameters that determine
the surface flux of argon ions and the effect on the surface flux of argon ions is shown in figure
3.13. The temperature of electrons and the number density and diffusion coefficient of argon
ions as a function of pressure between 0.5 and 5.0 Pa at an average power of 400 W can be
seen in figure 3.13a. The same plasma properties as a function of average power between 200
and 1000 W at a pressure of 1 Pa can be seen in figure 3.13c. Additionally, the surface flux
of argon ions for these respective input parameters can be seen in figures 3.13b and 3.13d,
respectively. Here, the graphs for the number density and diffusion coefficient of argon ions
and the temperature of electrons are included again to help illustrate why the trends in the
surface flux of argon ions appear.

In figure 3.13a the temperature of the electrons and the diffusion coefficient of the argon ions
decrease with pressure proportionally to P−1 and the number density of argon ions increases
with pressure, but the rate of increase decreases as pressure increases. This is because as
pressure increases, the average density of heavy particles inside the plasma increases. This
causes an increased number of collisions to occur in the plasma, which reduces the temperature
of electrons and the diffusion coefficient of argon ions. Meanwhile, the number density of argon
ions increases to maintain the pulsed periodic steady state within the plasma, as discussed in
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sections 3.2.3 and 3.4.3.
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Figure 3.13: Temperature (eV ) of electrons and the Number Density (m−3) and Diffusion
Coefficient (m2s−1) of Argon Ions (a) as a Function of Pressure at an Average Power of 400 W

and (c) as a Function of Average Power at a Pressure of 1 Pa. Surface Flux of Argon Ions
(m−2s−1) (b) as a Function of Pressure at an Average Power of 400 W and (d) as a Function of

Average Power at a Pressure of 1 Pa

The effects of these factors combine to effect the surface flux of argon ions as seen in figure
3.13b. The surface flux of argon ions increases slightly as pressure increases from 0.5 Pa to 1
Pa, however, after 1 Pa the surface flux decreases linearly as pressure increases. This is because
as pressure increases from 0.5 Pa to 1 Pa the effect of the increased number density of argon
ions outweighs the effects of the diffusion coefficient, reducing the effectiveness of diffusion
to the edge of the sheath and the temperature of electrons decreasing the Bohm velocity of
ions into the sheath. However, past 1 Pa the effect of the reduced diffusion coefficient causes
the diffusion to the edge of the sheath from the plasma bulk to become less effective, reducing
the effect on the flux of the increased number density of argon ions. This, combined with the
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decreased temperature of the electrons, which reduces the Bohm velocity, causes the surface
flux of argon ions to decrease. In figure 3.13c the temperature of the electrons and the diffusion
coefficient of the argon ions remain constant at all values of the average power, and the number
density of argon ions increases linearly as the average power increases, as discussed in sections
3.2.3 and 3.4.3. Also in figure 3.13d the surface flux of argon ions increases linearly as the
average power increases. This increases the number density of argon ions at the edge of the
sheath, and combined with a constant Bohm velocity because of the constant temperature of
the electrons this causes an increase in the surface flux. This is the same trend in surface flux
as the average power increases, as observed in the variation of duty cycle and frequency, and
therefore, the effect of average power on the surface flux of argon ions is not affected by duty
cycle, frequency, or pressure differences for the average powers simulated.

3.5.6 The Effect of Pressure on the Input Energy per Argon Ion Fluxed to
the Surface

How the input energy per argon ion fluxed to the surface which is calculated using equation
2.5.1 changes as a function of pressure and average power is shown in figure 3.14.
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Figure 3.14: Input Energy per Argon Ion Particle fluxed to the surface (J) as a Function of
Pressure and Average Power

In figure 3.14 the input energy per argon ion fluxed to the surface decreases with pressure until a
minimum at 1 Pa and then increases linearly with pressure, and also the input energy per argon
ion fluxed to the surface is constant as the average power increases. The input energy per argon
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ion fluxed to the surface reaches a minimum at 1 Pa because as the pressure increases from 0.5
Pa to 1 Pa the effect of the increasing number density of argon ions, on the flux of argon ions,
outweighs the effect of the decrease in the temperature of electrons and the diffusion coefficient
of the argon ions. However, after 1 Pa the effect of the decreasing temperature and diffusion
coefficient is larger than the effect of the increase in the number density of argon ions; therefore,
the flux decreases past 1 Pa, and thus the input energy per ion fluxed increases. Therefore, to
decrease the input energy per argon ion fluxed to the surface in an ICP reactor, the pressure
needs to be chosen to maintain the optimal combination of those opposing factors. The input
energy per argon ion fluxed to the surface stays constant with average power because of the
increased energy inputted into the system, causing increased ionisation reactions proportional
to the increase in average power rather than increasing the temperature of electrons. This
is the same effect as observed in the duty cycle and frequency variations, and as such, for
the average power ranges tested in this thesis, the duty cycle, frequency and pressure can be
adjusted to achieve the lowest input energy per ion fluxed to the surface for the average power
chosen. There is potential for the effects of changing the pressure, frequency and duty cycle to
be combined together to produce a plasma operating regime with an even lower input energy
per argon ion fluxed to the surface. For example, due to the increase in plasma potential as
we decrease the pressure to the optimum pressure of 1 Pa, we can combine this pressure with
a frequency lower than 10 Khz and a duty cycle above 0.5, which were excluded due to their
plasma potential being lower than the energy window. Provided the trend in fluence with
frequency and duty cycle continues at the lower pressure, this could lead to a further decrease
in the energy used per ion fluxed to the surface. However, this has not been tested in this thesis.



Chapter 4

Pressure effect on ALD

In this chapter, the effect of changing the pressure and the average power on the production,
flux, and input energy per particle fluxed to the surface of atomic oxygen and oxygen and argon
ions is investigated for the purpose of ALD processes. Oxygen is important for the ALD process
because the outer shell of valence electrons is incomplete. This makes oxygen more reactive
than noble gases, such as argon, which allows surface effects such as the absorption of oxygen
to occur at a lower surface temperature. These surface effects allow the chemical makeup of the
surface to be altered, effectively depositing a new material on the surface. The new materials
deposited onto the surface, such as low-k dielectrics and doped layers, are thermally sensitive
[18, 20]. Therefore, they require the low temperature deposition enabled by atomic oxygen
and ions to ensure that these materials do not degrade. Furthermore, it is important to inves-
tigate how the production and flux of oxygen species in argon-oxygen plasmas can be affected
by changing plasma input parameters. This is because there are both atomic and molecular
species inside the mixed plasma, which means that there is a larger number of species and
reactions present in the plasma. This could lead to wasted energy used to produce species that
are undesired for the purpose of ALD. In addition, the pressure of the plasma affects the ini-
tial density of the particles within the reactor. This affects the frequency of plasma collisions
such as ionisation, which changes the mean free path of particles and alters the temperature of
electrons. This affects the balance of production, consumption and the flux of atomic oxygen
and oxygen and argon ions. We can treat these plasmas as they are in a pulsed periodic steady
state. As such, the density of the particles is determined to be the density that balances the pro-
duction and consumption rates of themselves. This means that pressure can affect the number
density and flux of atomic oxygen and oxygen and argon ions. Therefore, investigating how
pressure affects the number density, flux and the input energy per particle fluxed to the surface
of atomic oxygen and oxygen and argon ions can reduce the energy used in ALD processes. The
base case for this chapter can be seen in Table 2.4. The pressure is varied between 1 and 25 Pa
at multiple average powers between 200 and 1000 W where the gas that makes up the plasma
has an oxygen mixture fraction of 0.1.

70
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4.1 Plasma Electron Properties

The temperature and number density of the electrons are important both for the rate of pro-
duction and the flux of ions, as shown in equations 1.3.4 and 1.3.15. This is because increasing
the temperature and number density of electrons increases the rate of ionisation reactions. The
higher temperature of electrons means that on average the electrons have more energy avail-
able to ionise an electron from a atom. Also, increasing the number density of electrons means
that there are more electrons per unit volume, which means that there is a higher likelihood
for an ionisation collision to occur. Additionally, the temperature of electrons determines the
Bohm velocity, which affects the rate of flux of ions to the surface. The effect of changing pres-
sure from 1 to 25 Pa and average power from 200 to 1000 W on the temperature and number
density of electrons can be seen in figures 4.1a and 4.1c, respectively. In addition, the effect
of changing the pressure from 1 to 25 Pa at a constant average power of 400 W is shown in
figure 4.1b

In figure 4.1a the electron temperature has a negligible change with average power, this coin-
cides with a constant increase in the number density of electrons with average power for all
pressures, as shown in figure 4.1c. This can be attributed to a higher average power causing an
increase in ionisation proportional to the increase of average power rather than an increase in
the electron thermal energy. In figure 4.1b the electron temperature can be seen to drop from
3.1 eV to 1.6 eV with the rate of decrease diminishing exponentially as pressure increases.
This is caused by the higher gas density, which lowers the temperature of electrons due to in-
creased electron elastic collisions, which transfer the energy from electrons to neutrals. The
electron number density, as the pressure changes, increases until a peak then decreases slightly
with higher pressure as shown in figure 4.1c. This is caused by the opposing production and
consumption mechanisms of electrons within the plasma. The number density of electrons is
determined to be the number density at which the plasma is in a pulsed periodic steady state
where the production and consumption rates are equal. As pressure increases and the electron
temperature drops, the consumption rate from the electron surface flux decreases; however,
the consumption rate from dissociative electron attachment increases. In addition, the ioni-
sation rate also decreases slightly as the pressure increases. This means that at low pressures
the flux of electrons is dominant and therefore the density of electrons is required to be low
to maintain the pulsed periodic steady state. However, as pressure increases, the consumption
from the surface flux decreases sufficiently so that it is no longer dominant. Additionally, the
increase in dissociative electron attachment has not increased significantly enough to be domi-
nant over the production from ionisation. Therefore, to maintain a pulsed periodic steady state,
a higher number density of electrons is required. However, past a certain pressure the decrease
in ionisation and increase in dissociative electron attachment means that the consumption be-
gins to dominate necessitating a lower number density of electrons. Therefore, as the pressure
changes, a peak is formed in the number density of electrons. The peak in the number density
of electrons moves with pressure from 10 to 19 Pa as the average power increases from 200
to 1000 W . The movement in the peak is due to the increased amount of energy deposited
into the plasma, increasing the ionisation rate. This means that the pressure needs to increase
further before the decrease in the ionisation is sufficient enough for the increase in dissociative
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Figure 4.1: Electron Temperature (eV ) (a) and Electron Number Density (m−3) (c) as a
Function of Pressure and Average Power and Electron Temperature (eV ) (b) as a Function of

Pressure at an Average Power of 400 W

electron attachment to begin to dominate over the production rate. Therefore, the peak occurs
at a higher pressure.

4.2 Production of Atomic Oxygen

Atomic oxygen is constantly produced and consumed through various mechanisms within the
plasma. Atomic oxygen is typically produced in one of three ways; dissociation of O2, elec-
tron impact detachment of O− and positive-negative ion recombination between O− and Ar+,
however, there are many minor reactions that also produce atomic oxygen. Atomic oxygen is
typically consumed in one of three ways; ionisation, charge exchange from Ar+, recombina-
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tion at the surface, and associative detachment with O−. We can treat the plasma as a steady
state which occurs when the loss rate is equal to the rate of production, where the density of
atomic oxygen changes to balance the loss rate with the production rate. The most important
reactions that determine the shape of the distribution of atomic oxygen number density are dis-
sociation of O2, ionisation of atomic oxygen and surface recombination, which are dependent
on the number densities of O2 and electrons, the diffusion coefficient of atomic oxygen that
affects how readily the atoms diffuse towards the surface and the electron temperature that
affects the rate constant. In addition, the population of atomic oxygen is constantly exciting
and de-exciting, so the effect of pressure on O(1D) and O(1S) is also affected by these param-
eters. The properties that affect the production of atomic oxygen can be seen in figure 4.2.
The number densities of O2 and electrons and the diffusion coefficient of atomic oxygen in the
pressure range of 1 - 25 Pa at an average power of 400 W are shown in figure 4.2a. The same
plasma properties are also shown for the average power range of 200-1000 W at a pressure
of 25 Pa in figure 4.2b. The number densities of O, O(1D) and O(1S) in the same power and
pressure ranges are also compared in figures 4.2c and 4.2d, respectively. The number densities
of ground state atomic oxygen and combined O(1D) and O(1S) excited states as a function of
pressure and average power are shown in figures 4.2e and 4.2f, respectively. Here, the graphs
for the number density of electrons are included again to help illustrate why the trends in the
number density of atomic oxygen appear.

In figure 4.2a, the number density of O2 increases linearly with pressure coinciding with a
decrease in the diffusion coefficient of atomic oxygen proportional to P−1 and the number
density of electrons peaks at 16 Pa. This causes a large increase in the number density of
O, O(1D) and O(1S) as shown in Figure 4.2c as pressure increases, with the rate of increase
of O(1D) and O(1S) decreasing at higher pressures due to increased collisional quenching of
e + O(1D) → e + O, O + O(1D) → 2O and similar reactions for O(1S). The cause behind the
1700% increase in the number density of O is that the increase in the number densities of O2

and electrons increases the reaction rate of the production of atomic oxygen meanwhile, the
diffusion coefficient decreases due to the increased pressure causing more collisions between
atomic oxygen and other heavy particles. Therefore, to maintain a pulsed periodic steady state
solution, the number density of O needs to increase. In figure 4.2b, the number density of O2

decreases linearly by 57%, whilst the number density of electrons increases linearly by 1090%
with average power and the diffusion coefficient of atomic oxygen changes negligibly. This
causes an increase in the number density of O, O(1D) and O(1S) as shown in figure 4.2d, as the
vastly greater increase in the number density of electrons outweighs the decreases in number
density of O2. This creates a larger reaction rate for the production of atomic oxygen which
requires a higher number density of atomic oxygen to maintain a pulsed period steady state.
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Figure 4.2: Number Density of O2 and Electrons (m−3) and Diffusion Coefficient of Atomic
Oxygen (m2s−1) (a) as a Function of Pressure at an Average Power of 400 W and (b) as a

Function of Average Power at a Pressure 25 Pa, Number Density of O, O(1D) and O(1S) (m−3)
(c) as a Function of Pressure at an Average Power of 400 W and (d) as a Function of Average
Power at a Pressure of 25 Pa, Number Density of Ground State Atomic Oxygen (m−3) (e) as a
Function of Pressure and Average Power and the sum of the Number Density’s of O(1D) and

O(1S) Excited States (m−3) (f) as a Function of Pressure and Average Power
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The number density of ground state atomic oxygen in figure 4.2e and the sum of the excited
atomic oxygen states; O(1D) and O(1S) in figure 4.2f show that the rate of increase with pressure
in the number density of atomic oxygen at low average power is lower than that of higher
average powers. This is caused by the earlier peak with pressure in the electron density at
low average power, which causes the production rate of atomic oxygen to increase slower at
high pressure and low powers. At high pressure, the number density increases with the average
power; however, at low pressure, the change with the average power is small to negligible. This
is caused by the large diffusion coefficient of atomic oxygen at low pressure, which requires a
smaller change in the number density of atomic oxygen to maintain a pulsed periodic steady
state. In figure 4.2f the rate of increase with pressure at high pressure and low average power
is lower compared to the ground state atomic oxygen, due to increased collisional quenching.
However, at higher average power the effect of collisional quenching becomes marginal in this
regime, therefore the difference in the rate of increases is diminished.

4.3 Flux of Atomic Oxygen

The flux of atomic oxygen is defined as the flux of atomic oxygen particles to the surface walls
that for the ground state atomic oxygen recombines or for the excited states de-excites at the
wall and is a diffusion-driven flux regime. An increased diffusion coefficient and density will
increase the drive of atomic oxygen to the surface. Furthermore, a higher sticking coefficient
will give a higher probability for atoms to recombine to the surface; this increases the number
of attachments per unit flux and also the density gradient from the plasma bulk to the surface
driving an increase in flux of atoms to the surface. The sticking coefficient of ground-state
atomic oxygen is shown in figure 4.3a, where the sticking coefficient of all excited states of
oxygen in this model is set to 1 [32]. The number density, diffusion coefficient and surface flux
of atomic oxygen for the pressure range of 1-25 Pa at an average power of 400 W and for an
average power in the range of 200-1000 W at a pressure of 25 Pa are shown in figures 4.3b
and 4.3c, respectively. Here in figure 4.3c the maximum axis values of the O number density
and the O surface flux have been set differently to aid in visibility; without this the trends are
identical. The surface flux of ground state atomic oxygen and the combined O(1D) and O(1S)
excited states as a function of pressure and average power are shown in figures 4.2e and 4.2f,
respectively. Here, the graphs for the number density and diffusion coefficient of atomic oxygen
are included again to help illustrate why the trends in the flux of atomic oxygen appear.

In figure 4.3a the sticking coefficient for atomic oxygen decreases proportionally to P−1 from 0.2
to 0.15 [61]. This significantly affects the surface flux of ground-state atomic oxygen, as more
than 80% of the flux interacting with the surface is reflected, and additionally this decreases
the density gradient between the plasma bulk and the surface decreasing incident flux. This
reduces the effectiveness of the ground-state atomic oxygen flux compared to the flux of O(1D)
and O(1S) for the purpose of plasma processing.
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Figure 4.3: Sticking Coefficient of Atomic Oxygen (a) as a function of Pressure, Number
Density (m−3), Diffusion Coefficient (m2s−1) and Surface Flux (m2s−1) of Atomic Oxygen (b)

as a function of Pressure at an Average Power of 400 W and (c) as a function of Average
Power at a Pressure of 25 Pa, Ground State Atomic Oxygen Surface Flux (m2s−1) (d) and the
sum of Excited O(1D) and O(1S) States, Surface Flux (m2s−1) (e) as a function of Pressure and

Average Power
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In figure 4.3b, the number density of atomic oxygen increases linearly, while the diffusion
coefficient decreases proportionally to P−1. This causes the flux of atomic oxygen to follow
the trend of the number density with a boost to the low-pressure flux and hindrance to the
high-pressure flux due to a decreasing diffusion coefficient. In figure 4.3c the number density
and surface flux of atomic oxygen follow the exact same trend where they increase with the
average power, with the rate of increase reducing with the average power. This is because of
the negligible change in diffusion coefficient with average power and the constant nature of
the sticking coefficient with average power; therefore, the surface flux of atomic oxygen as a
function of average power depends only on the number density. This culminates in figure 4.3d,
where the overall trend in surface flux follows the trend of the number density of atomic oxygen
seen in figure 4.2e. However, with values of surface flux similar to the excited atomic oxygen
surface flux in figure 4.3e, despite the higher number density of ground state atomic oxygen,
due to the sticking coefficient. The surface flux of excited atomic oxygen increases with average
power; however, this reaches a peak with the peak shifting with average power from a peak
at 13 Pa at 200 W to 21 Pa at 1000 W . This is caused by the decreasing diffusion coefficient
that coincides with the decreasing rate of increase in the number density of O(1D) and O(1S)
at high pressure, causing the flux to reach a peak in pressure even though the number density
is still increasing. The shift to peaks at higher pressure at higher average power is due to the
increased rate of increase in the number density of O(1D) and O(1S) at higher average powers.

4.3.1 Input Energy per Atomic Oxygen Fluxed to the Surface

The input energy per atomic oxygen fluxed to the surface is defined as seen in equation 2.5.1,
where the flux is the amount particles which react on the surface wall and the lower energy
used per particle fluxed to the surface is a more efficient plasma operating regime. The input
energy per O fluxed to the surface and the input energy per O(1D) and O(1S) fluxed to the
surface as a function of pressure at an average power of 400 W and as a function of average
power at a pressure of 25 Pa can be seen in figures 4.4a and 4.4b, respectively. Additionally,
the input energy per O fluxed to the surface and the input energy per O(1D) and O(1S) fluxed
to the surface as a function of pressure and average have been shown in figures 4.4c and 4.4d,
respectively.

In figure 4.4a the input energy per atomic oxygen particle fluxed to the surface of both the
ground state atomic oxygen and the sum of O(1D) and O(1S) excited states decreases with
pressure proportional to P−1 however, at 16 Pa the input energy per O(1D) and O(1S) fluxed to
the surface begins to increase marginally due to the peak in the number density of O(1D) and
O(1S). In figure 4.4b the input energy per ground state atomic oxygen fluxed to the surface in-
creases linearly with average power, while the input energy per O(1D) and O(1S) increases with
the rate of increase, increasing marginally with average power. However, the overall increase
is lower than that for the ground state. The increase in the input energy per particle fluxed
to the surface means that even though at higher average power the surface attachment flux is
higher, the rate of increase of the flux is lower than the increase in average power. Therefore,
to decrease the input energy used per particle for atomic layer processing with atomic oxygen,
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a low average power is preferred. This is likely caused by an increase in ionisation, recom-
bination and collisional quenching at high average power regimes with the charge transfer of
O+ Ar+→ O+ + Ar increasing by 958% between 200 W and 1000 W at 25 Pa.
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Figure 4.4: Input Energy per particle fluxed to the surface of Ground state Atomic Oxygen and
the Sum of Excited O(1D) and O(1S) States (J) (a) as a function of Pressure at an Average

Power of 400 W and (b) as a function of Average Power at a Pressure of 25 Pa, Input Energy
per ground state Atomic Oxygen fluxed to the surface (J) (c) and Input Energy per Particle
Fluxed to the Surface of the Sum of Excited O(1D) and O(1S) States (J) (d) as a Function of

Pressure and Average Power

In figure 4.4c the input energy per ground state atomic oxygen fluxed to the surface decreases
with pressure with a smaller rate of decrease at higher pressures. The input energy per ground
state atomic oxygen fluxed to the surface increases with average power at the same rate at
all pressures, with the rate of increase with average power becoming larger than the rate of
increases from increasing the pressure at higher pressures. In figure 4.4d the input energy per
O(1D) and O(1S) fluxed to the surface follows a trend similar to ground state atomic oxygen;
however, past 5 Pa the rate of decrease in the input energy per O(1D) and O(1S) fluxed to the
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surface with pressure slows with a minima located at 15 Pa at 200 W increasing to 22 Pa at
1000 W , caused by the peaks seen in the surface attachment flux. The input energy per O(1D)
and O(1S) fluxed to the surface is similar to the input energy per ground state atomic oxygen
fluxed to the surface oxygen, although the number density of ground state atomic oxygen is
higher. This is because of the lower surface attachment flux of ground state atomic oxygen
caused by the lower sticking coefficient and high excitation rates. This means that a portion of
the flux to the surface is reflected or excited before it reaches the surface, therefore, lowering
the surface attachment flux. At higher pressures and lower average powers, the input energy
per ground state atomic oxygen fluxed to the surface is lower than that for the O(1D) and O(1S)
excited states. Therefore, it is more efficient to use processes that make use of ground state
atomic oxygen at high pressures, although the difference is marginal. In general, increasing
pressure is an effective method of decreasing the input energy per atomic oxygen particle fluxed
to the surface of atomic oxygen although beyond 15 Pa there are diminishing returns. In
addition, decreasing the average power reduces the input energy per surface collision; however,
it simultaneously reduces the surface flux. Therefore, to minimise the input energy per atomic
oxygen fluxed to the surface, a high pressure, low average power regime is required; however,
if high surface flux is required, increasing the average power at high pressures is still efficient,
as there is a minimal increase in input energy per surface collision.

4.4 Production of Ions

The ions inside a plasma are constantly being produced and consumed. Similarly to the pro-
duction of atomic oxygen, we can treat the plasma as it is in a pulsed periodic steady-state;
this means that the loss rate of ions inside the plasma will be equal to the production rate. To
achieve this, the number density of the ions will change, increasing if the production is stronger
than the consumption and vice versa.

4.4.1 Production of Ar+

For the production of argon ions the main sources of production are electron ionisation of Ar,
Ar(4P) and Arm, with the ionisation from ground state argon being the most significant reaction.
The main loss mechanisms of argon ions are charge exchanges between Ar+ and both O2 and
O and the surface flux of argon ions, which is affected by the diffusion coefficient of Ar+ and
the temperature of the electrons. The number density of ground state argon and electrons as
well as the electron temperature are shown in figure 4.5a for the pressure range of 1 - 25 Pa
at an average power of 400 W and in figure 4.5b for the average power range of 200 - 1000 W
at a pressure of 16 Pa. The number densities of O2 and O and the diffusion coefficient of Ar+

for the same pressure and average power range are shown in figure 4.5c and 4.5d, respectively.
The number density of Ar+ as a function of pressure and average power is shown in figure 4.5e.
Here, the graphs of the number density and temperature of electrons and the number density
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of atomic oxygen are included again to help illustrate why the trends in the number density of
Ar+ appear.

In figure 4.5a the number density of ground state argon increases linearly with pressure, the
electron temperature decreases proportionally to P−1 and the number density of electrons in-
creases to a peak at 16 Pa and then slowly decreases afterward. However, in figure 4.5c the
number densities of atomic oxygen and O2 increases linearly, whilst the diffusion coefficient
of Ar+ decreases proportionally to P−1 due to increased collisions with heavy particles caused
by increased pressure increasing the density of the gas. In figure 4.5e the number density of
Ar+ increases with pressure until a peak is reached with the number density slightly decreas-
ing past that point. This is caused by the complex relationship between the production and
consumption of Ar+. As pressure increases, the production of Ar+ decreases because the drop
in electron temperature outweighs the increase in the number densities of ground-state argon
and electrons. The consumption of Ar+ through surface-based electron ion recombination de-
creases due to a decrease in the diffusion coefficient; however, the consumption due to charge
exchange reactions with atomic oxygen and O2 increases with pressure. At low pressure, the
low number density of Ar+ is caused by the high surface-based electron ion recombination that
necessitates a low number density of Ar+ to maintain a pulsed periodic steady state. As pres-
sure increases, production decreases; however, consumption also decreases at a higher rate
than production at medium pressures, causing an increase in the number density of Ar+. As
pressure rises, the consumption eventually begins to increase because of increased charge ex-
change reactions and diminishing rate of decrease of the diffusion coefficient, leading to a peak
in the number density required to hold a pulsed periodic steady state. In figure 4.5b the num-
ber density of electrons increases linearly with average power whilst the electron temperature
and the number density of ground state argon remain constant. In figure 4.5d the diffusion
coefficient remains constant, whereas the number density of O2 decreases with average power,
and the number density of O increases with average power. This is caused by the increased
energy deposited into the plasma allowing more dissociation events to occur, splitting O2 into
O. In figure 4.5e the number density of Ar+ increases with average power due to the increased
ionisation caused by the increase in the number density of electrons. The peak of the number
density of Ar+ in pressure moves from 12.5 Pa to 16 Pa as average power increases from 200
W to 1000 W , this is caused by the increased energy deposited into the plasma at higher aver-
age powers leading to higher ionisation rates which requires a higher pressure for the charge
exchange consumption mechanism to increase enough to cause the number density to decrease
to maintain a pulsed periodic steady state.
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Figure 4.5: Number Density of Argon and Electrons (m−3) and the Temperature of Electrons
(eV ) (a) as a function of Pressure at an Average Power of 400 W and (b) as a function of

Average Power at a Pressure of 16 Pa, Number density of O2 and Atomic Oxygen (m−3) and
the Diffusion Coefficient of Ar+ (m2s−1) (c) as a function of Pressure at an Average Power of
400 W and (d) as a function of Average Power at a Pressure of 16 Pa and Number Density of

Ar+ (m−3) (e) as a function of Pressure and Average Power
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4.4.2 Production of O+

For the production of O+, the main production methods are the ionisation from the ground state
of atomic oxygen or the excited states of O(1D) and O(1S), or charge exchange between Ar+

and ground state atomic oxygen. The main consumption mechanisms are positive-negative ion
recombination with O− and electron ion recombination at the surface. The number densities of
Ar+, O and electrons are shown in figure 4.6a over the pressure range of 1 - 25 Pa at an average
power of 400 W and in figure 4.6b over the average power range of 200 - 1000 W at a pressure
of 25 Pa. The number density of O− and the diffusion coefficient of O+ for the same pressure
and average power ranges are shown in figures 4.6c and 4.6d, respectively. The number density
of O+ as a function of pressure and average power is shown in figure 4.5e. Here, the graphs of
the number densities of electrons, atomic oxygen and Ar+ are included again to help illustrate
why the trends in the number density of O+ appear.

In figure 4.6a the number density of O increases linearly with pressure, the number densities
of Ar+ and electrons are roughly identical because the original plasma gas mixture being 90%
argon, the number densities increase with pressure until a peak at 16 Pa then decrease slightly
as discussed previously in sections 4.1 and 4.4.1. The increase in the number densities of Ar+

and O increases the production of O+ through charge exchange between the species. However,
due to the decrease of electron temperatures, the rate of production of ionisation of O decreases
with pressure; this culminates in the total production of O+ remaining roughly constant with
pressure at pressure and average power values greater than 5 Pa at 400 W . In figure 4.6c the
diffusion coefficient of O+ decreases proportionally to P−1 due to increased elastic collisions
with other heavy species. The number density of O− increases linearly with pressure due to
the increase in the number densities of electrons and O2 leading to increased dissociative elec-
tron attachment. The increase in the number density of O− increases the consumption of O+,
however, because the low relative absolute value of the number density of O− being around the
value of 1× 1017, this requires a high pressure to become significant. On the other hand, the
consumption of O+ through surface-based electron ion recombination drops with pressure due
to the diffusion coefficient reducing the flux to the surface. In figure 4.6b the number density of
O increases with average power; however, the rate of increase drops at higher average power,
the number densities of Ar+ and electrons are roughly equal and increase linearly with average
power; all can be attributed to the increased energy deposited into the plasma allowing more
dissociation and ionisation events to occur as discussed in sections 4.2, 4.1 and 4.4.1. This sig-
nificantly increases the production of O+ as the increase in the number densities of Ar+, O and
electrons combined with the electron temperature remaining constant increases the reaction
rates of the reactions that produce O+. In figure 4.6d the diffusion coefficient of O+ remains
constant with the average power, which means that the surface-based electron ion recombina-
tion rate is unchanged, with the number density of O− decreasing with the average power past
400 W due to increased rates of associative detachment. This decreases the consumption of O+

as the decrease in the number density of O− hinders positive-negative ion recombination with
O+.
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Figure 4.6: Number Density of O, Electrons and Ar+ (m−3) (a) as a function of Pressure at an
Average Power of 400 W and (b) as a function of Average Power at a Pressure of 25 Pa,

Number Density of O− (m−3) and the Diffusion Coefficient of O+ (m2s−1) (c) as a function of
Pressure at an Average Power of 400 W and (d) as a function of Average Power at a Pressure

of 25 Pa and The Number Density of O+ (m−3) (e) as a function of Pressure and Average
Power
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In figure 4.6e the number density of O+ increases with pressure, increasing faster at higher
average powers, and increases with average power, increasing faster at higher pressure. The
increase in the number density of O+ with pressure is due to the decrease in the diffusion
coefficient that hinders the consumption to surface-based electron ion recombination. With the
increase in the number densities of O, Ar+ and electrons causing the production of O+ to remain
roughly constant with pressure, these combined effects necessitate a higher number density of
O+ to maintain a pulsed periodic steady-state. The faster rate of increase at higher average
power is due to the increased energy deposited into the plasma increasing the ionisation rates,
whilst surface-based electron ion recombination remains unchanged. At low average power
and high pressure, the rate of change with pressure of O+ begins to stagnate. This is because
the drop in the number density of Ar+ and electrons and the electron temperature causes the
production of O+ to begin to drop. Therefore, starting to require a lower number density of
O+ to maintain a pulsed period steady-state and would likely result in a peak with pressure if
the pressure regime is extended. The increase in the number density of O+ with average power
is due to increases in the number densities of O, Ar+ and electrons with constant electron
temperatures increasing the production rate of O+, whilst the consumption rate is hindered
by the drop in the number density of O−. This means that a higher number density of O+ is
required to maintain a pulsed period steady-state. The rate of increase with average power is
higher for higher pressure values due to the large diffusion coefficient at low pressures that
increases surface-based electron ion recombination, requiring a lower change in the number
density of O+ to maintain a pulsed period steady-state.

4.4.3 Production of O+2

The main production mechanisms for O+2 are the ionisation of O2 and charge exchange between
Ar+ and O2. The main consumption mechanisms of O+2 are dissociative recombination and
surface-based electron ion recombination. The number densities of O2, Ar+ and electrons are
shown in figure 4.7a over the pressure range of 1 - 25 Pa at an average power of 400 W and in
figure 4.7b over the average power range of 200 - 1000 W at a pressure of 25 Pa. The diffusion
coefficient of O+2 as a function of pressure and average power is shown in figure 4.7c. The
number density of O+2 as a function of pressure and power is shown in figure 4.7d. Here, the
graphs of the number densities of electrons and Ar+ are included again to help illustrate why
the trends in the number density of O+2 appear.

In figure 4.7a the number density of O2 increases linearly with pressure, the number densities
of Ar+ and electrons are roughly equal to each other, increasing until a peak is reached in pres-
sure, then decreasing slightly as discussed previously in sections 4.1 and 4.4.1. This causes
the production of O+2 to increase from charge exchange collisions, however, due to the elec-
tron temperature decreasing with pressure the production rate form ionisation drops slightly,
although the total production rate increases with pressure. However, increasing the number
density of electrons also increases the consumption of O2 through dissociative electron attach-
ment, negating some of the effect of increases in production.
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Figure 4.7: Number Density of O2, Ar+ and Electrons (m−3) (a) as a function of Pressure at an
Average Power of 400 W and (b) as a function of Average Power at a Pressure of 25 Pa,
Diffusion coefficient of O+2 (m2s−1) (c) as a function of Pressure and Average Power and

Number Density of O+2 (m−3) (d) as a function of Pressure and Average Power

In figure 4.7b the number densities of Ar+ and electrons increase linearly with the average
power, whereas the number density of O2 decreases linearly with the average power. This is
because the increased energy deposited into the plasma causes increased ionisation and dis-
sociation inside the plasma. The production of O+2 increases with average power because the
number densities of Ar+ and electrons increase faster than the decrease in the number density
of O2 with electrons and Ar+ increasing by a factor of roughly 4 whereas O2 only decreases by a
factor of 0.42, with the electron temperature remaining constant. However, this also increases
the consumption of O+2 through dissociative electron attachment due to the increased num-
ber density of electrons. In figure 4.7c the diffusion coefficient of O+2 decreases with pressure
proportionally to P−1 and remains constant with average power, this is caused by increased
heavy particle elastic collisions caused by the higher density of particles in the gas at higher
pressure. This, combined with the decrease of electron temperature, causes the consumption
from surface-based electron ion recombination to be hindered, which decreases the consump-
tion rate. In figure 4.7d the number density of O+2 increases with pressure due to the increase
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in production through ionisation and charge exchange, coinciding with a decrease in diffusion
coefficient and electron temperature that hinders the consumption from surface-based electron
ion recombination. However, the increase with pressure is hindered by the increase in dis-
sociative electron attachment. The number density of O+2 is roughly constant as the average
power changes at pressure bellow 5 Pa however, for pressures above this the number density
decreases with the average power. This is because at low pressure the diffusion coefficient and
electron temperature are high and the number density of O2, Ar+ and electrons are low; there-
fore, the rates of production are low compared to the consumption rate from surface-based
electron ion recombination and as such any change in production rates has less of an affect. At
high pressure, the drop in the number density of O+2 with average power is caused by the dif-
ference between the production and consumption rates. At high average power, consumption
rates are closer to production rates requiring a lower number density of O+2 to maintain a pulsed
periodic steady-state. However, as the average power is decreased, the consumption rate de-
creases faster than the production rate because the number density of electrons decreases more
than the number density of O2, causing a larger decrease in dissociative electron attachment
than the decrease in ionisation and charge exchange. Therefore, to maintain a pulsed periodic
steady-state, the number density of O+2 increases.

4.5 Flux of Ions

The flux of ions inside the plasma is driven by the sheath; however, when determining the
flux, we need to determine the flux into the sheath. The flux into the sheath depends on the
readiness of ions to diffuse to the edge of the sheath, the electronegativity which reduces the
density of ions at the sheaths edge, the electron temperature and the number density of the
ions. Finding a regime with the correct combination of factors that create a high flux for the
energy imputed into the plasma is vital to increasing the efficiency of plasma processes.

4.5.1 The Flux of Ar+

The flux of Ar+ is important for the ALD process not because the ions help the process, but
because they can hinder the process. This is because when the plasma potential is large enough,
the ions when interacting with the surface will have enough energy to physically sputter the
surface, lowering the quality of the end result of the process [31]. The energy required for
this to occur depends on the material of the surface, however, is typically greater than 30 eV ,
which therefore requires a plasma potential of more than 30 eV . The plasma potential as it
varies over time at an average power of 400 W and a pressure of 2.5 Pa is shown in figure 4.8a
with the orange line signifying when the power is turned off in the cycle ends. The maximum
value of plasma potential in the last cycle as a function of pressure and average power is shown
in figure 4.8b.
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Figure 4.8: Plasma Potential (a) as a Function of Time over the Last Pulse and the Maximum
Value of Plasma Potential in the Last Cycle (b) as a Function Pressure and Average Power

In figure 4.8a the plasma potential spikes when the power is first turned on in the last pulse,
afterward the plasma potential decreases to a consistent value. This spike is the only time
frame in which the plasma can provide the ions with high enough energy to sputter, therefore,
because of the small time frame of the spike, it will cause minimal damage to the surface. In
figure 4.8b the value of the maximum of the plasma potential in the last cycle decreases with
pressure proportionally to P−1, this is because the plasma potential is directly proportional to
the electron temperature, which decreases proportionally to P−1 as shown in figure 4.1 and
discussed in section 4.1. The highest value of plasma potential at 5 Pa and above is below 30
eV , therefore no ion will possess enough energy to cause sputtering of the surface and therefore
no damage to the surface at pressures above this. Therefore, the effect of argon ion flux to ALD
using this system is minimal, as there is either minor sputtering at low pressure or none at all
in this system.

The number density and diffusion coefficient of Ar+ and electronegativity are shown in figure
4.9a over the pressure range of 1 - 25 Pa at an average power of 400 W and in figure 4.9b
over the average power range of 200 - 1000 W at a pressure of 2.5 Pa. The flux of Ar+ as a
function of pressure and average power is shown in figure 4.9c. Here, the graphs of the number
densities and diffusion coefficient of Ar+ are included again to help illustrate why the trends in
the surface flux of Ar+ appear.

In figure 4.9a the diffusion coefficient decreases proportionally to P−1 and the number density
of Ar+ increases until a peak in pressure then drops slightly as discussed in section 4.4.1. The
electronegativity increases roughly linearly with pressure; therefore, the number density of
negative ions is increasing faster than the number density of electrons. This is because as the
pressure increases the electron temperature decreases, this reduces the number of electrons
with enough energy to ionise oxygen or argon, as their threshold energies are 13.6 eV and
15.8 eV respectively. Meanwhile, the threshold energy for dissociative electron attachment is 0
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eV which means there is a larger production of negative ions compared to electrons at higher
pressures, increasing the electronegativity.
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Figure 4.9: Number Density of Ar+ (m−3), Diffusion Coefficient of Ar+ (m2s−1) and
Electronegativity (a) as a function of Pressure at an Average Power of 400 W and (b) as a

function of Average Power at a Pressure of 2.5 Pa and Flux of Ar+ (m2s−1) (c) as a function of
Pressure and Average Power

In figure 4.9b the number density of Ar+ increases linearly with the average power with the dif-
fusion coefficient of Ar+ remaining constant as discussed in section 4.4.1. The electronegativity
decreases with average power, this is because the increase in energy deposited into the plasma
increases the number density of electrons through increased ionisation as discussed in section
4.1. However, since the threshold energy for dissociative electron attachment reactions is 0 eV ,
the increased energy does not increase the rate constant of the production of negative ions. Ad-
ditionally, the increase in the number density of electrons at higher average powers increases
the consumption of negative ions through electron impact detachment, causing the number
density of negative ions to decrease, therefore, causing the electronegativity to decrease. In
figure 4.9c the flux of Ar+ decreases with pressure and increases with average power. The de-
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crease with pressure is due to the large decrease in the diffusion coefficient Ar+ by a factor of
0.04 and the increase in electronegativity, both of which hinder the density at the edge of the
sheath and thus the surface flux. Although the increase in the number density of Ar+ causes
the density at the edge of the sheath to increase. The decrease in electron temperature, which
decreases the Bohm velocity, outweighs the increase in density at the edge of the sheath and,
therefore, the flux decreases with pressure. The increase in flux with average power is caused
by the increase in the number density of Ar+ and the decrease in electronegativity that increases
the number density at the edge of the sheath. This is combined with the electron temperature
and diffusion coefficient of Ar+ remaining constant with average power, so therefore there is
no negative affect on the surface flux from increasing the average power and therefore the flux
increases with average power.

4.5.2 The Flux of O+

The number density and diffusion coefficient of O+ and the electronegativity are shown in figure
4.10a over the pressure range of 1 - 25 Pa at an average power 400 W and in figure 4.10b over
the average power range of 200 - 1000 W at a pressure of 15 Pa. The flux of O+ as a function of
pressure and average power is shown in figure 4.10c. Here, the graphs of the number densities
and diffusion coefficient of O+ are included again to help illustrate why the trends in the surface
flux of O+ appear.

In figure 4.10a the diffusion coefficient decreases proportionally to P−1 and the number density
of O+ and electronegativity increases with pressure as discussed in sections 4.4.2 and 4.5.1. In
figure 4.10b the diffusion coefficient decreases slightly with the average power, the number
density of O+ increases linearly with the average power and the electronegativity decreases
with the average power, as discussed in sections 4.4.2 and 4.5.1. In figure 4.10c the flux of
O+ increases with pressure until a peak is reached in pressure. The initial increase with pres-
sure occurs because the increase in the number density outweighs the loss from the increase
in electronegativity and the decreasing diffusion coefficient. This is due to the large diffusion
coefficient that enhances the surface flux of O+, so an increase in the number density of O+

directly leads to an increase in surface flux. The peak occurs because the decrease in the dif-
fusion coefficient and the increase in the electronegativity hinder the number density of O+ at
the edge of the sheath and the decrease in the electron temperature decreases the Bohm veloc-
ity. This counteracts the increase in the number density of O+, which causes the value of the
surface flux to peak as the pressure changes. The surface flux of O+ also increases with average
power; this is due to both the decrease in electronegativity and the increase in the number
density of O+ due to the increase of energy available to ionise. This leads to a higher number
density at the edge of the sheath, which creates a higher amount of surface flux. The peak with
pressure of O+ flux changes from 5 Pa at 200 W average power to 15 Pa at 1000 W average
power. This is due to the higher number density of O+ at higher average powers, which means
that a higher pressure is required to increase the electronegativity and decrease the diffusion
coefficient enough to counteract the effect of the increasing number density of O+. Therefore,
due to competing effects in the flux of O+, the pressure at which the highest flux is achieved is
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affected by the average input power of the reactor.
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Figure 4.10: Number Density of O+ (m−3), Diffusion Coefficient of O+ (m2s−1) and
Electronegativity (a) as a function of Pressure at an Average Power of 400 W and (b) as a

function of Average Power at a Pressure of 15 Pa and Flux of O+ (m2s−1) (c) as a function of
Pressure and Average Power

4.5.3 The Flux of O+2

The number density and diffusion coefficient of O+2 and the electronegativity are shown in figure
4.11a over the pressure range of 1 - 25 Pa at an average power 400 W and in figure 4.11b over
the average power range of 200 - 1000 W at a pressure of 4 Pa. The flux of O+2 as a function of
pressure and average power is shown in figure 4.11c. Here, the graphs of the number densities
and diffusion coefficient of O+2 are included again to help illustrate why the trends in the surface
flux of O+2 appear.
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Figure 4.11: Number Density of O+2 (m−3), Diffusion Coefficient of O+2 (m2s−1) and
Electronegativity (a) as a Function of Pressure at an Average Power of 400 W and (b) as a

Function of Average Power at a Pressure of 4 Pa and Flux of O+2 (m2s−1) (c) as a Function of
Pressure and Average Power

In figure 4.11a the number density of O+2 and electronegativity increase with pressure as dis-
cussed in sections 4.4.3 and 4.5.1. The diffusion coefficient of O+2 decreases proportionally to
P−1; however, the diffusion coefficient is lower at all pressures than the diffusion coefficient
of O+. This is because as pressure increases, more elastic collisions between heavy particles
occur due to the increased density of particles in the gas. The lower diffusion coefficient of
O+2 compared to O+ is due to the higher atomic mass of O+2 , which means that the average
velocity of the species is lower, and therefore the rate of diffusion is also lower. In figure 4.11b
the number density of O+2 increases with low average powers but remains constant beyond
400 W with a slight decrease above 600 W , the diffusion coefficient of O+2 remains constant
with average power, and the electronegativity decreases with average power as discussed in
sections 4.4.3 and 4.5.1. In figure 4.11c the surface flux of O+2 increases with pressure until
a peak is reached at the pressure of 5 Pa after which the surface flux decreases. This is due
to the competing effects of the decreasing diffusion coefficient and electron temperature and
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the increasing electronegativity and number density of O+2 . This means that at low pressure
as pressure increases the effect of the increasing number density of O+2 generates a larger flux.
However, at higher pressure, the effects of increasing electronegativity and decreasing electron
temperature and diffusion coefficient outweigh the increase in the number density of O+2 which
reduces the surface flux of O+2 . The peak remains at the same pressure value for all values of av-
erage power because competing effects such as electronegativity electron temperature and O+2
diffusion coefficient change either consistently for all pressures or are constant with a change
in average power. Due to the number density and electronegativity increasing consistently at
all average powers in pressure ranges above 5 Pa whilst the number density does not increase
with the average power at 5 Pa. Therefore, changing the average power in this system changes
the magnitude of the peak in the O+2 surface flux, not the value of the pressure at which it peaks.
The flux of O+2 increases with average power until a peak is found at 800 W average power and
then begins to decrease again. The increase with average power is due to the increase and then
remaining constant O+2 number density combined with decreasing electronegativity leading to
an increase in flux. The peak occurs because the number density of O+2 begins to decrease as
the average power increases past 800 W .

4.6 Input Energy per Oxygen Ion Fluxed to the Surface

The method used to determine the input energy per oxygen ion fluxed to the surface is shown
in chapter 2 section 2.5 where the frequency for all pulses in this chapter is 10 KHz. The input
energy per oxygen ion particle fluxed to the surface of O+ and O+2 is shown in figure 4.12a over
the pressure range of 1 - 25 Pa at an average power of 400 W and in figure 4.11b over the
average power range of 200 - 1000 W at a pressure of 7.5 Pa. The input energy per particle
fluxed to the surface of O+ and O+2 as a function of pressure and average power are shown in
figures 4.12c and 4.12d, respectively.

In figure 4.12a the input energy per oxygen ion fluxed to the surface of O+ and O+2 decreases
to a minima in pressure then increases with pressure. The absolute values of the input energy
per O+2 particle fluxed to the surface are higher than the values of O+, which shows that at
400 W average power the plasma uses less input energy per O+ fluxed to the surface than O+2 ,
even though O+ has to undergo an additional reaction before being produced. This is due to
the lack of an increase in the number density of O+2 with the average power and the lower
diffusion coefficient of O+2 hindering the number density at the edge of the sheath. In figure
4.12b the input energy per O+ particle fluxed to the surface decreases with average power, with
a diminishing effect as the average power increases and the input energy per O+2 particle fluxed
to the surface increases with average power. This shows that the flux of O+ increases with
the average power faster than the input energy used to create that flux; however, the rate of
increases in the flux of O+ diminishes as the average power increases. For O+2 this suggests that
even though the flux increases with average power to a point, this increase in flux with average
power is slower than the increase in the input energy used and therefore the most efficient
regime is found at low average power. This occurs because as the average power increases, the
higher energies available create more ionisation and dissociation reactions, splitting O2 into
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Figure 4.12: Input Energy per Oxygen Ion fluxed to the surface of O+ and O+2 (J) (a) as a
function of Pressure at an Average Power of 400 W and (b) as a function of Average Power at

a Pressure of 7.5 Pa, Input Energy per O+ fluxed to the surface (J) (c) as a function of
Pressure and Average Power and the Input Energy per O+2 fluxed to the surface(J) (d) as a

function of Pressure and Average Power

O and ionising it to form O+, which creates more O+ relative to O+2 . Therefore, O+ decreases
in the input energy used per particle fluxed to the surface with average power, whereas O+2
does not, as the increase in flux is less than the increase in average power. The decrease in the
input energy per O+ particle fluxed to the surface diminishes because the percentage increase
in the surface flux of O+ decreases relative to the increase in the average power, as the flux
increases by 174% from 200 to 400 W but only 150% from 400 to 800 W due to increased
charge exchange reactions as the average power increases. In figure 4.12c the input energy per
O+ particle fluxed to the surface decreases with average power with a minima in pressure. The
pressure minima moves in pressure as the average power increases because the maxima in flux
for each individual average power level moves in pressure as discussed in section 4.5.2. The
high values of input energy per O+ particle fluxed to the surface in high pressure low average
power regimes is caused by the low flux of O+ caused by the decrease in diffusion coefficient and
electron temperature and the increase in electronegativity at high pressures. Overall, to reduce
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the input energy used per O+ fluxed to the surfaces, you want to increase the average power and
select the pressure for the chosen average power which generates the largest flux; however, the
effect of increasing the average power diminishes as it increases; therefore, going above 1000
W in this reactor may have a minimal effect. Furthermore, if the trend of diminishing rate of
increase of the flux of O+ continues with an average power above 1000 W , then it is likely that
there is an optimal average power for the reactor; however, this has not been tested. In figure
4.12d the input energy per O+2 particle fluxed to the surface increases with average power and
reaches a minima in pressure, then increases with the minimum staying at a constant pressure
value due to the maximum in flux as discussed in section 4.5.3. Therefore, to decrease the input
energy per O+2 fluxed to the surfaces, you want low average powers and pressure at 5 Pa for
this reactor. However, a low average power comes with a low flux of O+2 and therefore it may
be necessary to increase the average power of the regime to increase the flux if your process or
time restrictions require faster processing.



Chapter 5

Conclusion

In this thesis the ability to effect the input energy per particle fluxed to the surface of a pulsed
powered cylindrical inductively coupled Ar/O2 plasma reactor is tested by changing the plasma
input parameters of pressure, frequency and duty cycle. These are performed using a numerical
zero dimensional chemical-kinetic plasma global model with an extensive chemical-radiative
reaction scheme for Argon and Oxygen species developed and compared to experimental re-
sults by Michel Osca Engelbrecht et al. (2024) [32]. The experimental comparison performed
by Michel Osca Engelbrecht et al. shows that the simulation results reproduce experimen-
tal trends qualitatively over a wide range of pressures, average powers and oxygen mixture
fractions. As such, the global model is well suited to investigating the influence of parame-
ter changes on the input energy per particle fluxed to the surface. This is achieved through a
broad parameter study that, due to the computational efficiency of the zero dimensional global
model, simulations can be performed on relatively short timescales, allowing the rapid identi-
fication of optimal operating regimes [91]. However, applications that require quantitatively
accurate predictions of flux produced by the system may require higher dimensional simula-
tions or experimental measurements. Nevertheless, global models are still useful to obtain the
optimal regime initially. Therefore, reducing the number of computationally expensive higher
dimensional simulations or experiment measurements required. Another limitation of using a
global model is the lack of spatially resolved information. This is because each data point is a
spatially averaged value over the reactor volume. Consequently, where knowledge of spatial
behaviour of the plasma is required, higher dimensional simulations are needed to understand
if the regime is suitable. An important example is industrial semiconductor manufacturing
where spatial uniformity of incident flux across the wafer is vital to ensure uniform depth of
etches and depositions across the wafer as well as repeatable results [92].

To test the effect on the input energy per argon ion fluxed to the surface for use in applications
in atomic layer etching argon only plasma simulations are used with a range of plasma input
parameters. Firstly, the duty cycle is varied between 0.1 and 0.9 at a pressure and frequency
of 5 Pa and 10 Khz, respectively. Secondly, the frequency is varied between 5 and 50 Khz at a
pressure and duty cycle of 5 Pa and 0.5, respectively. Both frequency and duty cycle are varied
at multiple average powers between 200 and 600 W . Finally, the pressure is varied between 0.5
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and 25 Pa at multiple average powers between 200 and 1000 W with a duty cycle and frequency
of 0.5 and 10 Khz, respectively. The effect of the plasma input parameters on the plasma
potential is investigated first to ensure that the ions fluxed to the surface have sufficient energy
to enable effective etching, or in other words to be inside the energy window of germanium.
Germanium is chosen as the material to be etched as inductively coupled plasmas in the pressure
ranges simulated produce plasma potentials inside the energy window of germanium, whereas
other materials have energy windows with higher values of energy. It is observed that the
plasma potential is only sufficiently high enough to be inside the energy window in the period
of the pulse where the power is turned on, and as such only the flux inside the period of
the pulse when the power is on is considered in the fluence of the ions to the surface. The
average plasma potential within the period where the power is on is found to be sufficient
only in the pressure range of 0.5 and 5.0 Pa because increased collisions within the plasma at
higher pressures cause the temperature of the electrons to decrease. Additionally, the plasma
potential lies inside the energy window in the frequency range of 10 to 50 Khz and for duty
cycles between 0.1 and 0.5 here, the range of the duty cycle is cut in half since past 0.5 the lower
amplitude of power applied decreases the temperature of the electrons enough to decrease the
plasma potential below the energy window. The surface flux of argon ions decreases with duty
cycle at a constant average power because the power amplitude decreases, which reduces the
intensity of election heating and therefore decreases the production of argon ions. However,
as duty cycle increases, the time the power is on during the pulse is longer, which means that
the total amount of argon ions fluxed to the surface increases with duty cycle as the difference
in the length of time the power is on is larger than the decrease in the per second flux between
0.1 and 0.5. Therefore, since each duty cycle has a constant average power, the input energy
of each pulse is the same, so the input energy per argon ion fluxed to the surface is lowest
at a duty cycle of 0.5. The surface flux of argon ions decreases with frequency at a constant
average power because the number density of argon ions decreases because the frequency
increase deposits more energy into the heating of electrons rather than increasing the number
of ionisation collisions. Therefore, the lowest input energy per argon ion fluxed to the surface
can be found at 10 Khz, although the change in the input energy per particle fluxed to the
surface with frequency is minimal. The surface flux of argon ions peaks at a pressure of 1 Pa
at a constant average power due to the complex combination of the increasing number density
of argon ions and the decreasing number density and temperature of the electrons and the
diffusion coefficient of argon ions. The effect of the increasing number density of argon ions is
larger than the decrease in diffusion coefficient of argon ions and temperature of the electrons
when going from 0.5 to 1 Pa, causing the surface flux of argon ions to increase however, past 1
Pa this is the opposite, causing the surface flux to decrease. Therefore, the lowest input energy
per argon ion fluxed to the surface can be found at 1 Pa. The input energy per argon ion fluxed
to the surface stays constant at all values of average power regardless of the other plasma input
parameters tested. This is because the increase in average power does not increase the heating
of electrons but proportionally increases the ionisation of argon, creating a linear increase in the
number density of argon ions and, therefore, a linear increase in the surface flux of argon ions.
In conclusion, the input energy per argon ion fluxed to the surface can be lowered to reduce
the energy usage in atomic layer etching processes by increasing the duty cycle of the pulsed
power and optimising the pressure of the reactor for the maximum surface flux in this case
to 1 Pa, while changing the frequency has a limited effect, but can decrease the input energy
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slightly by decreasing the frequency. In the future, it would be interesting to observe the effect
of a combination of a higher duty cycle with a low pressure regime, as the decreased plasma
potential from the higher duty cycles is not an issue at lower pressures, due to the pressure
increasing the plasma potential, which may allow us to find a lower input energy per argon ion
fluxed to the surface. Another point of interest would be to decrease the pressure further to
investigate if the plasma potential increases far enough to be in the energy window for other
materials like silicon. If this is possible, it would be interesting to investigate the input energy
per argon particle fluxed to the surface at low pressure for the etching of other materials.

To test the effect on the input energy per particle fluxed to the surface for use in applications in
atomic layer deposition, a plasma made up of 90% Ar and 10% O2, is used with plasma input
parameters of pressure ranging from 1 to 25 Pa at multiple average powers between 200 and
1000 W at a frequency of 10 Khz and a duty cycle of 0.5. This plasma creates multiple different
particles that are useful in the atomic layer deposition process, namely the ground and excited
O(1D) and O(1S) states of atomic oxygen and the O+ and O+2 ions; additionally, it produces Ar+

ions that can cause damage to the surface in the atomic layer deposition process through phys-
ical sputtering and therefore all of these need to be investigated. At all pressures investigated,
the value of the plasma potential inside the plasma was found to be below the energy of 30 eV
that is required to physically sputter a surface, apart from a spike that occurs when the power is
turned on in the pulse. The time frame during which this spike occurs is extremely short on the
magnitude of 10 µs, therefore, this will cause minimal damage to the surface. The input energy
per ground state atomic oxygen particle fluxed to the surface decreases proportionally to P−1

whilst the input energy per excited O(1D) and O(1S) states fluxed to the surface also decreases
proportionally to P−1 until 15 Pa, after 15 Pa the input energy per excited state particle fluxed
to the surface begins to increase as pressure increases. This is because as the pressure increases
the overall gas density increases, which reduces the diffusion coefficient’s of the particles and
increases the amount of electrons which in turn leads to a larger number of dissociation colli-
sions inside the plasma. This produces more atomic oxygen, therefore, causing a larger amount
of fluxed to the surface. The increase in input energy per particle for the excited O(1D) and
O(1S) states past 15 Pa is due to the increased collisional quenching at higher pressures. Both
the input energy per ground state and the excited O(1D) and O(1S) states fluxed to the surface
increase with the average power for the ground state, this increase is linear. However, for the
excited O(1D) and O(1S) there is no change between 200 and 400 W , but at higher average
powers there is a linear increase; additionally, over all, the input energy per excited O(1D) and
O(1S) states fluxed to the surface increases significantly less as the average power increases
than the ground state. This is because as the average power increases there is an increase
in the ionisation, recombination and collisional quenching reactions. Additionally, despite the
number density of the ground state atomic oxygen being 5 times the number density of the
combined excited O(1D) and O(1S) states the flux and therefore the input energy per particle
fluxed to the surfaces is similar. This is due to the sticking coefficient of ground state atomic
oxygen being between 0.2 and 0.15 in the investigated pressure range, whereas excited O(1D)
and O(1S) states have a sticking coefficient of 1. This means that 80% of ground state atomic
oxygen is reflected from the surface, and, in addition, this lowers the density gradient, further
decreasing the flux. In general, to reduce the input energy per atomic oxygen particle fluxed to
the surface, the pressure is required to increase and the average power needs to be decreased
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although increasing the pressure beyond 15 Pa results in diminishing returns.

The input energy per O+ fluxed to the surface decreases with pressure until a minimum is
reached. This minimum is caused by the complex relationship between the number density
and the diffusion coefficient of O+, the temperature of the electrons and the electronegativ-
ity, where at lower pressures the increase in the number density of O+ as pressure increases
outweighs the increase in electronegativity and decrease in the diffusion coefficient of O+ and
temperature of the electrons to generate a higher flux. However, after a certain pressure the
change in the diffusion coefficient of O+, the temperature of the electrons and the electroneg-
ativity begin to outweigh the increase in the number density, creating an optimum pressure
where the lowest input energy per O+ fluxed to the surface is found. This optimal pressure
changes according to the average power from 5 Pa at 200 W to 15 Pa at 1000 W , because
as the average power increases so does the number density of O+ because the increase in en-
ergy causes more ionisation and dissociation to occur. Therefore, a higher pressure is required
to increase the electronegativity and decrease the diffusion coefficient and temperature of the
electrons sufficiently to cause the input energy per O+ fluxed to the surface to reach a minimum.
Additionally, as the average power increases, the input energy per O+ fluxed to the surface de-
creases with the rate of change decreasing as the average power increases. The reason why
this effect decreases as the average power increases is because the percentage increase in the
surface flux of O+ decreases from 174% from 200 to 400 W to 150% from 400 to 800 W due
to increased charge exchange reactions as the average power increases. The input energy per
O+2 fluxed to the surface decreases with pressure until a minimum of 5 Pa is reached. This
minimum is caused by the complex relationship between the number density and the diffusion
coefficient of O+2 , the temperature of the electrons and the electronegativity, where at lower
pressures the increase in the number density of O+2 as the average power increases outweighs
the increase in electronegativity and the decrease in the diffusion coefficient of O+2 and the
temperature of the electrons, to generate a higher flux. However, after a certain pressure this
trend reverses with the increase in the number density becoming outweighed creating an opti-
mum pressure where the lowest input energy per O+2 fluxed to the surface is found. The input
energy per O+2 fluxed to the surface increases with average power because as average power
increases, more ionisation and dissociation collisions occur. This creates more O+ relative to
the amount of O+2 that is produced, causing the number density of O+2 to decrease as the aver-
age power increases. Additionally, the input energy per O+2 fluxed to the surface is higher than
that of O+ for all pressures and average powers because the number of dissociation reactions
increases as the pressure and average power increases and because the diffusion coefficient of
O+2 is lower than that of O+, which hinders the flux to the surface. In conclusion, to reduce the
input energy per O+2 fluxed to the surface, a low average power is required at a pressure of 5
Pa; however, this comes with low surface fluxes, which will result in longer processing times.
To reduce the input energy per O+ fluxed to the surface, a high average power is required, and
then a pressure needs to be selected so that the input energy per O+ fluxed to the surface is
minimised at the chosen average power. In the future, it would be interesting to investigate the
effect of higher average powers and see if there is a minimum of input energy per O+ fluxed
to the surface in average power or if the trend of diminishing returns continues. In addition, it
would be interesting to change the duty cycle and frequency of the power waveform as well as
to change the oxygen mixture to investigate the effect they have on the plasma and the input
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energy per particle fluxed to the surface.
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