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Abstract

Plasma Enhanced Atomic Layer Deposition (PEALD) is a materials processing technique
that enables the deposition of highly conformal films with accurate thickness control. As its
name implies, PEALD involves the use of a plasma exposure during one of its processing
steps. In order to understand how the ions in such plasmas affect the properties of materials
deposited by PEALD, the energy with which they collide with the material surface must be
measured. The distribution of the impact energy of these ions can be described using the Ion
Energy Flux Distribution Function (IFEDF), which is measured using a device known as a
Retarding Field Energy Analyzer (RFEA).

This work aims to obtain an improved understanding of the principles of RFEA measure-
ments. Both simulations and experimental methods are used to gain insight into the various
aspects that govern the operation of an RFEA and the cause of measurement artifacts.

It was concluded that many of the measurement artifacts are caused by secondary elec-
trons and the ionization of neutral species inside the RFEA. These effects lead to the measure-
ment of apparent ions with negative kinetic energy as well as apparent negative amounts of
ions. Both of these effects influence the measured IFEDF in ways that are not physically
possible. Furthermore, they are only visible in regions of the IFEDF where no physical ions
would be expected. Therefore, the influence of both secondary electrons and the ionization
of neutral species can be accounted for by ignoring these regions.

Additionally, various properties of an RFEA were found to influence the shape of the
relevant sections of the measured IFEDF. Examples of such effects include the broadening
of peaks and the presence of tails and shoulders in the measured IFEDF. These influences
result in an IFEDF that is still physically possible, making it unclear as to where an influence
is present. As such, accounting for these influences cannot be done in a straightforward way.
However, using the information gained from the simulations and experiments, a method is
developed by which these influences can be removed.

Within this work, the developed method was successfully applied to results that were
obtained using simulations. As a result, the previously observed broadening of peaks and
the presence of shoulders in the measured IFEDF were able to be accounted for and re-
moved. Additionally, the developed method provides a basis for future research in which
the method could be applied to experimentally obtained results. If applied successfully, the
accuracy of RFEA measurements can be improved.
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Chapter 1

Introduction

The first chapter of this work provides an insight into the underlying motivations and struc-
ture of the project. In the first section, the incentives and previous research that led to this
work are described. Additionally, the first section sets up the main research question of this
work. In section 1.2, the main research question and its sub-questions will be posed and
described.

1.1 The importance of ion energy measurements in plasma enhanced
atomic layer deposition

Devices such as computers and smartphones have become an important part of our lives.
The increasing requirements on the efficiency and performance of these devices have con-
tinuously required their integrated circuits to become increasingly more advanced. Moore’s
law, as posed by Gordon Moore in 1965 [1], gives a quantitative description of this phe-
nomenon. It predicts that the number of transistors on an integrated circuit will double
every year, though this was later adjusted to a doubling every two years [2].

As time passes, ever new production methods are required to keep following this pre-
diction. One of the challenges that arises within these methods is the need for the ability
to deposit extremely thin layers of material with several required properties. Examples of
these properties include the density, refractive index, residual stress and conformality, which
is a measure of how evenly the material is deposited on all parts of the surface. Ideally, all
of these properties could be tailored freely to suit the desired application. Atomic Layer
Deposition (ALD) is a processing technology which is already used in these manufacturing
processes. In general, an ALD process consists of two steps which are alternated, as indi-
cated in figure 1.1. Each individual step in this process is self-limiting, so the growth can be
precisely controlled. One of the greatest strengths of this technology is its ability to deposit
films with very high conformality [3].
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CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic representation of the general structure of an ALD process. Two self-limiting
reactions are used to build up a film layer by layer. Between steps, purges are used to prevent the
reactants from reacting with each other. [4].

Plasma Enhanced ALD (PEALD) is a variant of ALD where a plasma is used in one of the
processing steps. A plasma is a state of matter in which a significant fraction of the atoms
in a gas are ionized [5]. The ionization of the gas is also accompanied by the dissociation of
molecular bonds, creating radicals. Thus, a plasma generally consists of ions, electrons and
radicals in addition to the normal gas molecules. Due to their high reactivity, the radicals are
considered to be the most important species for PEALD [6]. For this reason, the influence of
ions in PEALD is often ignored, even though they are a mayor part of a plasma. However,
recent research such as that by H. Profijt [7] and T. Faraz [8] has shown that the ions do
have an impact on the properties of the deposited material. Therefore, in order to better
understand the role of ions in the PEALD process, the properties of the ions that impinge on
the surface need to be known. Of these properties, there are two that are of interest for this
work:

• Ion flux: The first property that is of interest is the number of ions that hit the surface
of the material. This property can be described using a single value, which is referred
to as the ion flux.

• Ion energy distribution function: The second property that is of interest is the energy
at which the ions collide with the surface. For a single ion, this property can be de-
scribed with a single value. However, this is not possible for multiple ions, since each
of these may have a different impact energy. For a large number of ions, such as in a
plasma, the impact energy of these ions becomes easier to describe as a distribution,
which is known as the ion energy distribution function. For each ion, the integral of
this distribution function over a range Ei ± ∆Ei gives the probability for that ion to
impact with an energy within the range Ei ± ∆Ei.

Rather than describing the ion flux and the ion energy distribution function separately,
they can also be described in terms of a single quantity, which is referred to as the Ion Flux
Energy Distribution Function (IFEDF) and is denoted in this work as fi(E). The integral of
this function over a range Ei ± ∆Ei describes the amount of ion flux which impacts with
energy within the range Ei ± ∆Ei. The most commonly available method for measuring the
IFEDF is a Retarding Field Energy Analyzer (RFEA). In a nutshell, an RFEA is a device that
consists of a series of layered grids, followed by a collector plate, all of which have various
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CHAPTER 1. INTRODUCTION

potentials applied to them in order to energy-selectively collect ions. The probe containing
these grids is fairly small and can easily fit in most plasma systems, an example of such a
probe is shown in figure 1.2. A more detailed explanation of the structure and operation of
an RFEA is given in section 2.1.

Figure 1.2: Image of an RFEA embedded in the powered electrode of a capacitively coupled plasma
system. Also shown is a Langmuir probe, which is unrelated to this work. Adapted from [9].

Using an RFEA, the IFEDF of a plasma can be measured. However, in order to deter-
mine the influence of the IFEDF on the materials deposited by PEALD, it is also necessary
to be able to manipulate the IFEDF. Within this work, the IFEDF is manipulated using a
technique known as Radio Frequency (RF) biasing. In essence, RF biasing involves applying
an alternating potential to the substrate, which results in a negative average potential. This
negative potential attracts the ions towards the substrate, increasing the energy with which
they impact.

An important property of RF biasing is the fact that its application always leads to a
reduction in the average substrate potential. This fact, combined with the fact that ions in
a plasma are generally positively charged, means that the application of RF biasing always
leads to an increased ion energy. As a consequence, the application of RF biasing is not able
to reduce the ion energies. The more precise workings behind this process are explained in
section 3.2.1.

In one of the works of T. Faraz [8], a possible application of RF biasing is shown. In that
work, the influence of the application of RF biasing was investigated for a PEALD process
for several materials. Of these materials, titanium nitride, which recently received increased
attention due to its application as a gate metal in FinFET devices [10], is shown in more detail
in figure 1.3. By increasing the energy with which the ions impact the material substrate, the
properties of the deposited material was able to be altered. Interestingly, the behavior of
most material properties can be separated into two stages. For example, increasing the bias
voltage first leads to a significant decrease in the resistivity. However, when the ion energy
is increased beyond a certain point, the resistivity increases again. This two-stage behavior
is also seen for some of the other materials studied in reference [8]. The causes for each of
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CHAPTER 1. INTRODUCTION

the two stages are related to the increased energy of the ions in different ways. In the first
stage, the increased energy of the ion bombardment is thought to cause densification of the
deposited material. Whereas in the second stage, the energy of the ions has increased so
much that the ion bombardment now leads to sputtering of the material [8].

Figure 1.3: (a) Growth per cycle (GPC), (b) resistivity, (c) mass density, and (d) residual stress of
titanium nitride films deposited at 200◦C expressed as a function of the average bias voltage 〈Vbias〉,
applied during the Ar+H2 plasma exposure step[8].

In order to get a better understanding of what ion energies are contributing to these
changes in the material properties and the way in which RF biasing affects the IFEDF, an
RFEA was used to measure the IFEDF of the employed plasma conditions [11]. During
these measurements, some unexplained measurement artifacts were observed. In order to
know whether these artifacts and other properties of the RFEA affect the accuracy of these
measurements, an improved understanding of the functioning of an RFEA is needed.

1.2 Research questions

As described above, this work aims to provide an enhanced understanding of the behavior
of RFEA measurements and the factors that influence these measurements. In summary, the
overall goal of this work can be described in the following research question:
What factors affect the accuracy of RFEA ion energy and flux measurements and how can these fac-
tors be accounted for?
In order to give an adequate answer to this question, it is divided into multiple sub-questions.
These sub-questions and the method by which they will be answered are posed below:

How do effects such as secondary electrons and the ionization of neutrals affect the IFEDFs mea-
sured by an RFEA?
The effects of the secondary electrons and the ionization of neutrals are thought to be the
cause of some of the artifacts observed during the measurements mentioned in section 1.1.
However, it is not clear whether these effects affect the accuracy of RFEA measurements.
Using simulations, which are described in chapter 4, the influence of these effects will be
investigated. Then, in chapter 5, the results of these simulations are compared to exper-
imental results where these effects are induced intentionally. The reactors in which these
experiments are performed are described in chapter 3.

4



CHAPTER 1. INTRODUCTION

What is the influence of the potentials and geometry of the grids in an RFEA on the measured
IFEDFs?
Aside from the effects of the secondary electrons and the ionization of neutrals, there are
several other factors that can affect the accuracy of RFEA measurements. Examples of such
factors are the geometric arrangements of the grids in an RFEA and the potentials of these
grids. Again, simulations are used to determine whether these properties affect the accuracy
of RFEA measurements. These properties are much more difficult to adjust during experi-
mental measurements, so the effects of these factors cannot be studied experimentally.

How can the ion flux be accurately measured using an RFEA?
Aside from measuring the IFEDF, an RFEA is also able to measure the ion flux by integrating
the IFEDF over the entire range of ion energies [11]. The theory behind these measurements,
as well as the theory behind normal RFEA IFEDF measurements, is described in chapter 2.
However, an RFEA is not a conventional probe for measuring the ion flux, which begs the
question as to how accurate the results of such ion flux measurements are. Using simula-
tions, factors that affect the accuracy of such measurements are investigated.

How can simulations improve the accuracy of measurements done with an RFEA?
As described above, the measurements mentioned in section 1.1 have shown the presence of
measurement artifacts in the results given by the RFEA. An example of one of these effects is
the spreading of peaks in the distribution due to the limited energy resolution of the probe.
Using simulations, it is possible to investigate these effects. Additionally, these simulations
can also be used to predict these effects. If the effects are able to be predicted, it also becomes
possible to remove their influence and improve the accuracy of RFEA measurements.
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Chapter 2

Ion energy and ion flux measurements
using an RFEA

In this chapter, the theoretical principles behind the primary diagnostic method used in the
report, the RFEA, are described. First, a description of the construction of an RFEA is given.
Next, the way by which measurements are obtained with an RFEA is detailed. Lastly, the
influence of the individual grids on the measurement is analyzed based on information from
literature. The chapter also contains a description of the specific models of RFEA’s that were
used in the thesis and some details on how they were used.

2.1 RFEA basics

In this section, an explanation of the basic operation of an RFEA is given. RFEA measure-
ments are the primary diagnostic method used in this work. As such, a good understanding
of the underlying principles of the measurements is essential for the rest of this work.

2.1.1 Measuring the ion energy distribution

In its most basic form, the construction of an RFEA probe can be described as a series of
layered grids, followed by a collector plate. Ions enter the probe through an orifice which is
placed in front of the series of grids. The ions that make it through the grids collide with the
collector and the current absorbed by the collector is detected by an external sensor. A basic
diagram of the structure of an RFEA can be seen in figure 2.1. In this figure and in the rest of
this work, the term ’floating ground’ is used to denote the average potential of the first grid
and the orifice.

6



CHAPTER 2. ION ENERGY AND ION FLUX MEASUREMENTS USING AN RFEA

Figure 2.1: Schematic representation of the structure of an RFEA consisting of four grids: the
grounded grid G1, the electron suppression grid G2, the discriminator grid G3, the secondary electron
suppression grid G4 and the collector C. The potential applied to G3 is varied to selectively transmit
ions. Adapted from [12].

As the ions and electrons pass through the probe, they experience an electric field which
varies according to the distance they have traveled into the probe. This electric field is cre-
ated by applying different potentials to each of the grids inside the probe. The general profile
of the electric potential can be seen in figure 2.2. Each section of the electric potential pro-
file and the induced electric field serves a different purpose. In order of increasing distance
traveled inside the probe, these functions can be described as follows [12, 13]:

Figure 2.2: Representation of the electric potential profile inside the RFEA as a result of the voltages
applied to the grids. Vd represents the discriminator potential which is applied to grid 3. Ions with
a kinetic energy lower than Vd are not transmitted, which enables selective transmission. Adapted
from [14].

7



CHAPTER 2. ION ENERGY AND ION FLUX MEASUREMENTS USING AN RFEA

• Orifice-Grid 1 The electric potential starts at the floating ground potential which is
applied by connecting the first grid to the back of the orifice surface. This prevents the
first grid from disturbing the plasma sheath and shields the probe from the plasma.

• Grid 1-Grid 2 At the second grid, the electric potential drops to a minimum. The re-
sulting electric field between the first and second grid points in the traveling direction
of the particles. This field slows down any electrons that enter the probe. If the kinetic
energy of the electrons is lower than the potential minimum, the electric field will repel
these electrons and drive them out of the probe. Because this second grid is intended
to suppress the influence of electrons coming from the plasma, this grid is referred to
as the plasma electron suppression grid.

• Grid 2-Grid 3 At the third grid, the electric potential increases up to a variable maxi-
mum, creating an electric field which points against the direction in which the particles
travels. If a sufficiently negative potential was applied to the second grid, only ions
will be present in this section of the probe. These ions are now slowed down by the
electric field which is present in this section.

If an ion has a kinetic energy which is lower than its charge multiplied by the variable
maximum, it will also be repelled. In the rest of this work, when a kinetic energy is
compared to an electric potential, the electric potential is implicitly multiplied by the
elementary charge. Choosing a value for this potential maximum allows the probe to
discriminate between ions with energies lower and higher than this potential. Because
of this, the grid that applies the potential maximum is referred to as the discriminator
grid. During a measurement, the potential maximum which is applied to the discrim-
inator grid is varied. As a result, the measured current will change by an amount
depending on the number of ions that entered the probe with a kinetic energy equal to
this potential maximum. The measured current that reaches the collector can then be
used to obtain the IFEDF according to equation (2.4).

• Grid 3-Grid 4 After the discriminator grid, the fourth grid causes the electric potential
to decrease again. The purpose of this grid is to allow the electric potential to increase
again during the last part of the probe.

• Grid 4-Collector In this last part, the increasing potential again causes an electric field
that points against the direction in which the ions travel, slowing them down, though
never enough to repel them. As the ions hit the collector they occasionally create sec-
ondary electrons. The electric field forces any secondary electrons back into the collec-
tor to prevent them from influencing the current detection. Because the fourth grid is
intended to suppress the influence of secondary electrons, this grid is referred to as the
secondary electron suppression grid.

• In the case of the 3-grid probe described in section 2.2.1, the plasma electron suppres-
sion grid is not present. As a result, the secondary electron suppression grid is required
to suppress the electrons from the plasma as well. In this case, this grid is referred to
as the electron suppression grid.

In the case that RF biasing, which is described in section 3.2.1, is applied to the substrate
table, the floating ground potential of the probe will decrease. As a result, the potentials

8



CHAPTER 2. ION ENERGY AND ION FLUX MEASUREMENTS USING AN RFEA

of the orifice and the first grid will decrease as well. However, the potentials of the other
grids and the collector are applied with respect to the laboratory ground. Therefore, they are
not affected by the reduced floating ground potential of the probe. In order to preserve the
profile of the electric fields inside the probe, all applied potentials must be lowered by the
same amount.

For the discriminator grid, the effect of the reduced floating ground potential can be
shown using the following example. Normally, if ions with a kinetic energy below 10 eV
must be blocked, a potential of 10 V must applied to the discriminator grid. However, when
the floating ground potential is reduced to−50 V, a potential of−40 V must applied instead.
Essentially, this results in the entire IFEDF being shifted by an amount corresponding to
applied bias potential. To account for this, the measured IFEDF must be shifted in the other
direction. For the 4-grid probe (which is described in section 2.2.2), this is done automatically
by the provided software.

In an ideal case, the RFEA would transmit all ions with energies higher than the dis-
criminator potential. Simultaneously, it would prevent the transmission of all electrons and
all ions with less energy than the discriminator potential and no charged species would be
generated inside the probe. In this case, the current detected by the collector of the RFEA
would depend on the discriminator grid potential Vd and the Ion Flux Energy Distribution
Function (IFEDF). The IFEDF is defined as the flux of ions Γi that hit a surface as a function
of the kinetic energy E of the ions, which can be described as:

fi(E) ≡ dΓi

dE
(cm−2 s−1 eV−1). (2.1)

The integral of the IFEDF over all ion energies is equal to the total ion flux.

∞∫
0

fi(E)dE = Γi (2.2)

The current measured by the RFEA can then be derived in the following way [11]:

Ii(Vd) = eAT
∞∫

eVd

fi(E)dE. (2.3)

Where e is the elementary charge, A is the measuring area of the probe and T is the combined
transmission of the grids. Note that the value of T can depend on the ion energy, which is
further discussed in section 4.1.4. Additionally, the equations assumes that all measured ions
are singly ionized. The IFEDF can be extracted from this equation by taking the derivative
of Ii with respect to Vd, as described in equation (2.4). Figure 2.3 shows an example of an
IFEDF obtained from a current profile Ii(V).

fi(E) =
1

eAT
−dIi(Vd)

dVd
. (2.4)

9
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Figure 2.3: Example of a measured current profile and the associated IFEDF obtained from a mea-
surement which was performed using the FlexAL2 reactor (see section 3.2) and a 600 W argon plasma
at 9 mTorr and 4 W RF bias, RF biasing is described in section 3.2.1.

Aside from the IFEDF, the ion flux at the surface of the probe can be calculated from
equation (2.3) as well:

Γi =
Ii(0)− Ii(∞)

eAT
. (2.5)

Though Ii(∞) is normally equal to zero, it is still necessary to include it to account for the
possible presence of a constant source of current. Both equation (2.4) and equation (2.5)
assume knowledge about the value of the measurement area A and the grid transmission T.
Obtaining these values individually is far from straightforward. However, all of the relevant
equations use only the product AT instead of the individual values. Therefore, only this
value needs to be known. Section 2.1.2 describes a method by which the product AT can be
measured.

In addition to being difficult to obtain, the value of T is also problematic in that it is not
necessarily constant. Simulation performed in section 5.1.1 show that the transmission of
the RFEA grids depends on the potentials applied to the grids, their geometric arrangement
and the energy of the incoming ion.

2.1.2 Calibrating the RFEA transmission

Equation (2.5) describes how the ion flux can be obtained from the current measured by
the RFEA and the product of the measurement area and the combined transmission of the
grids(AT). However, there are other methods to measure the ion flux. If the value of the ion

10
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flux is known, equation (2.5) can be used to obtain AT in the following way:

AT =
Ii(0)− Ii(∞)

eΓi
. (2.6)

This makes it possible to rewrite equation (2.6) as a linear equation with AT as the linear
coefficient, resulting in:

∆I = eATΓi, (2.7)

where ∆I = Ii(0) − Ii(∞). In the case of the 3-grid probe (section 2.2.1), this calibration
has been performed by Faraz et al. [11]. In order to perform the calibration, several plasma
conditions were measured using two diagnostics. The first of these diagnostics is the 3-grid
RFEA probe, which provides values for the measured ion current. The second diagnostic
method is a planar Langmuir probe, which can directly measure the ion flux [15]. Figure 2.4
shows the result of these measurements. The calibration is done using a linear fit between the
values of the ion flux and ion current, which results in a value for AT of (0.39± 0.09)mm2

[11]. The high amount of uncertainty in this value is mostly caused by the difference be-
tween the results of hydrogen and the other gases, which is presumably related the differ-
ence between the masses of the ions in these gases. Further analysis would be needed to
fully understand the causes of these differences, which is outside of the scope of this work.

Figure 2.4: Results of calibration measurements for several plasma conditions [11]. The horizontal
position of each point represents the ion current ∆I that was measured using the 3-grid RFEA probe.
The vertical position represents the ion current density, which is proportional to the ion flux, that was
measured using a planar Langmuir probe. The calibration constant AT is obtained using a linear fit
through all measured points.
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2.1.3 Influence of grid potentials

The assumptions made in section 2.1.1 assume an ideal RFEA. In both real and simulated
RFEAs, one or more of these assumptions do not hold. Collisions between ions and neutrals
can create additional charged species, while collisions with the collector can create secondary
electrons. The specific potentials of the RFEA grids affect how much influence these effects
have. In this section, the possible influences of each grid on the measured IFEDF are dis-
cussed.

Discriminator grid

Ideally, the purpose of the discriminator grid is to only allow the transmission of ions with
more energy than the discriminator potential. In a measurement of a mono-energetic IFEDF,
this would be represented as a current profile that instantly jumps from its initial value to
zero as the discriminator potential increases past the initial ion energy. This would result in
an IFEDF that resembles a delta function, since the derivative of the current profile would
be infinitely high.

Figure 2.5: Visualization of the way in which the discriminator grid allows ions with energy lower
than the discriminator potential to pass. The figure shows a sideways cross-section of the discrimina-
tor grid and the equipotential lines of the electrostatic potential. Ions that pass through the center of
a grid feel a lower potential than that which is applied by the grid. Additionally, the curved shape of
the equipotential lines near any of the grids changes the trajectories of ions. This simulation was per-
formed using ions with a kinetic energy of 49 eV and a potential of 50 V applied to the discriminator
grid.

However, the transmission of a real RFEA does not follow the ideal step function. Ions
with an energy just below the discriminator grid potential still have a chance to pass it and
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ions with a slightly higher energy can still be blocked. These erroneous events are partially
caused by the method through which the discriminator grid filters the ion energies. When a
particular potential is applied to the discriminator grid, that potential is only reached at the
surface of that grid. At any distance from the grid, the potential will be lower.

For this reason, the electric potential which is present inside the holes in the grid will be
slightly lower than the applied potential. Because of this, ions that pass through the center
of the holes in the grid are able to overcome the potential barrier even though their kinetic
energy is slightly below the discriminator potential. This behavior is illustrated in figure 2.5.
The chances of such erroneous events occurring gradually decreases when the difference
between the ion energy and the discriminator potential increases. These events result in the
broadening of the measured distribution. Even a perfectly mono-energetic IFEDF would
result in peak with some width when measured, the width of such a peak is defined as the
energy resolution of the probe.

Additionally, the electric field induced by the curved equipotential lines seen in figure 2.5
causes the grid to behave like a lens for the ions. This process, which is known as ion lensing,
changes the trajectories of ions that pass through any of the grids, not only the discriminator.

Plasma electron and secondary electron suppression grid

Both the plasma electron and secondary electron suppression grids serve a similar purpose
in that they are meant to remove the unwanted influence of electrons on the measured cur-
rent. However, plasma-born and secondary electrons have a different effect on the measured
current. If one or more of these grids is not present or not held at a sufficiently negative po-
tential, these electrons will have an influence on the measured distribution.

The first of these effects occurs if the second grid, which serves to block electrons com-
ing from the plasma, is either not present or faulty, which can be imitated by grounding
it. In this case, the plasma provides a constant flux of electrons independent of the settings
of the RFEA. This flux of electrons then ionizes neutrals [16] inside the RFEA, creating ad-
ditional ions. If the discriminator voltage is increased, the electrons are accelerated more,
which increases the chance of an ionization occurring. The result of this effect is visible as
an increasing trend in the measured current as a function of the discriminator potential, as
seen in figure 2.6 [17].
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Figure 2.6: Experimental result from the literature for an RFEA where the second grid, which serves
to block electrons coming from the plasma, is grounded. The figure shows the measured current as a
function of the discriminator potential. The increasing trend at the end is caused by the ionization of
neutral species inside the probe. Adapted from [17].

The second effect can be seen when the fourth grid, which serves to repel secondary elec-
trons coming from the collector, is not present or faulty. Secondary electrons are occasionally
created when an ion hits a metal surface inside the RFEA [18], for which the primary can-
didate is the collector. Therefore, the more ions that hit the collector, the more secondary
electrons are created. If a secondary electron is created and it escapes the RFEA or is ab-
sorbed by one of the grids, the net amount of positive charge that is detected at the collector
will increase. Thus, the secondary electrons that escape are registered as an additional ion
hitting the collector. This means that these secondary electrons cause an amplification of the
detected ions. The chance of a secondary electron being created depends on the energy of
the colliding ion [19]. Therefore, the amount of amplification that occurs depends on the ion
energy distribution. However, ions are not the only source of secondary electrons, secondary
electrons can also be created when high-energy photons reach the collector [17].

If only the secondary electron suppression grid were to be disabled, the secondary elec-
trons created at the collector would still not be able to escape the probe, since they would
still be reflected by the plasma electron suppression grid. However, some of these secondary
electrons would collide with and be absorbed by either the discriminator grid or the sec-
ondary electron suppression grid before they can return to the collector. Therefore, some
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of the emitted secondary electrons still do not return to the collector, which is equivalent
to them escaping the probe. Additionally, if the potential of the discriminator grid is lower
than that of the collector, it will start to act as an electron suppression grid as well, causing
more of the secondary electrons to be reflected, which results in a lower measured current.
The result of these effects can be seen in figure 2.7, which has been adapted from a result
from literature [17].

Figure 2.7: Experimental result from the literature for an RFEA where the fourth grid, which serves
to repel secondary electrons coming from the collector, is held at a potential equal to that of the dis-
criminator grid. The figure shows the measured current as a function of the discriminator potential.
The jump from I1 to I2 happens when the discriminator grid stops repelling secondary electrons and
the offset current I3 at the end of the current profile is caused by secondary electrons from non-ion
sources such as photons. Adapted from [17].
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In the case that both grids are present and held at a sufficiently low potential, both of
the previously mentioned effects should be mitigated. An example of a possible resulting
measured current profile can be seen in figure 2.8.

Figure 2.8: Experimental result from the literature for an RFEA where a sufficient potential is applied
to both suppression grids. The figure shows the measured current as a function of the discriminator
potential. In this case, the measured current profile is only affected by the effects described in section
2.1.3. Adapted from [17].

In chapter 5, the effects experimentally observed by Bohm et al. [17] are reproduced with
the aid of simulations (as described in chapter 4). Then, experimental results are used to give
further insight into the causes of these effects.

Collector

The last potential that can influence the measurement results is that of the collector plate.
This plate is held at a slight negative potential so that it attract all ions that pass the last
grid before it. This potential must not be made too low as this would cause the creation of
additional secondary electrons.
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2.2 Semion RFEA probes

For the experiments described in chapter 5, two different types of RFEA probes were used.
In this section, the relevant properties of these probes are described. Additionally, any mod-
ifications that were made to these probes are also described.

2.2.1 3-Grid Semion probe

Figure 2.9: Image of the 3-grid probe (Right) and power supply (Left). The power supply has a
potentiometer mounted to its front side. This potentiometer was not originally present on the device,
but was added later for reasons which are described in section 2.11.

The previous IFEDF measurements performed by H. Profijt [7] and T. Faraz [11] employed
the use of a 3-grid Impedans Semion RFEA probe with model name ’BLC-150’. This probe
and its power supply can be seen in figure 2.9.

Figure 2.10: Schematic representation of the structure of an RFEA consisting of three grids: the
grounded grid G1, the discriminator grid G2, the electron suppression grid G3 and the collector C.
Adapted from [12].
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Like the name suggests and unlike what was described in section 2.1 on the RFEA basis,
this probe contains 3 grids. In comparison to the probe described in section 2.1, the plasma
electron suppression grid is not present in this probe. The absence of this grid means that
the secondary electron suppression grid now has to do the job of repelling plasma electrons
as well. In order of appearance, the remaining grids are now the grounded grid, the discrim-
inator grid and the electron suppression grid. The schematic structure of this probe can be
seen in more detail in figure 2.10. Without a dedicated plasma electron suppression grid, the
effect of the ionization of neutral species inside the probe can no longer be fully suppressed.
The exact severity of this effect is discussed in section 5.3.2.

Repair of electron suppression grid

During the previous experiments done with the 3-grid RFEA probe, it was discovered that
the electron suppression grid of this probe might not be working. Direct measurements of
the output potentials of the power supply confirmed these suspicions.

The cause of the malfunction was investigated by taking apart the power supply of the
probe. The cause was found to be the absence of a signal from the main board of the power
supply to a sub-board. This sub-board is responsible for supplying the potential to the elec-
tron suppression grid and the signal is used to determine the output potential of the sub-
board. The functionality of the probe was restored by manually introducing a signal to the
sub-board using a potentiometer which was mounted to the front of the power supply.

Figure 2.11: Image of repaired inside of power supply. The added potentiometer can be seen in the
bottom of the image. Some wires can be seen running from the potentiometer to the sub-board that
regulates the output of the electron suppression grid potential.

Figure 2.11 shows the way in which the signal was introduced to the sub-board. A poten-
tiometer mounted on the front of the power supply provides a manually adjustable potential
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to the sub-board. Then, the sub-board amplifies the supplied signal into the desired electron
suppression potential.

2.2.2 4-Grid probe

Aside from the 3-grid probe, a 4-grid probe was utilized as well. This probe, which was
received in 2018, uses the model name ’Semion Single’ and has multiple advantages over
the 3-grid probe, the most important of which are the following:

• The probe has four grids rather than three. This allows for the plasma electrons to be
suppressed separately from the secondary electrons. In this probe, the potential of the
plasma electron suppression grid is always the same as that of the collector. This is
not a problem in normal operation, but it prevents the possibility of investigating their
influence separately.

• As described in section 2.1.1, the 4-grid probe is able to measure the potential of the
substrate and automatically adjusted for it in the software. This removes the need to
manually shift the data for each measurement. Additionally, this ability can show the
difference between the substrate potential and the potential of the table on which the
substrate is resting.

Aside from these improvements, the 4-grid probe functions similar to the 3-grid one. Like
the 3-grid probe, it has a replaceable button cell which contain the grids of the RFEA.

Figure 2.12: Image of the 4 grid RFEA (Left), its power supply (Top right) and the vacuum feed-
through (Bottom right).

Figure 2.12 shows the 4-grid probe and its power supply, as well as one of the replaceable
button cells. This probe was used in the majority of the experiments in section 5.2 and 5.3,
except where noted otherwise.
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Chapter 3

Studied plasma ALD systems

Throughout the experiments performed for this work, two plasma systems were employed.
This chapter serves to give a description of the properties and features of these plasma sys-
tems.

3.1 Homebuilt ICP reactor: ALD-iii

The first as well as the most used reactor in this work is ALD-iii, which is shown in figure
3.1. This reactor uses an Inductively Coupled Plasma (ICP) source and was built within the
PMP research group. The construction of this reactor finished recently, so there are as yet
no publications in which it was used. However, the design of the reactor is similar to other
reactors which were build previously. These reactors have been used for several publications
[20, 21, 22, 23] and their properties are described in detail in reference [23]. Some relevant
properties which are specific to this reactor are listed here:

• The output of the ICP power supply of the reactor can be adjusted up to 250 W.

• The matching [24] between the power supply and the plasma is done through a manual
matching network, which needs to be readjusted whenever the conditions or settings
of the plasma change.

• The pressure in the system is typically within the range of 5 to 30 mTorr.

• The valve between the chamber and pump can only be open or closed, with no states
in between. As such, the pressure inside the reactor chamber can only be controlled by
varying the flow of gases into the chamber.

• The reactor is able to use the following gases: Hydrogen, Oxygen, Nitrogen and Argon.
These gases are supplied through manual needle valves, which means that the exact
flow rate of each gas is not known.
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Figure 3.1: Image of the homebuilt ALD-iii ICP reactor which was used for the majority of the ex-
periments in this work. Highlighted are: the Inductively Coupled Plasma (ICP) source, its matching
network, the chamber door through which samples can be placed in the reactor, the port through
which the RFEA probe connects to its power supply and the Spectroscopic Ellipsometer (SE) which
is currently occupying that port.

3.2 Commercial ICP reactor: FlexAL2

The next reactor used in the experiments is FlexAL2, which is a commercial plasma ALD
system built by Oxford Instruments and is shown in figure 3.2. It is currently used for vari-
ous kinds of ALD research within the PMP group and has resulted in multiple publications
[8, 25, 26]. Like ALD-iii, this system uses an ICP source for its plasma. In addition, some of
the inconvenient properties of ALD-iii, such as the need for manual matching and the direct
relation between pressure and flow rate, are not present in FlexAL2. These and other prop-
erties of the reactor are described in detail in reference [8]. The properties which are relevent
to this work are are listed below:

• The output of the ICP power source of the reactor can be adjusted up to 600 W.

• The matching between the power supply and the plasma is done through an automatic
matching network, which automatically adjusts the matching whenever the conditions
or settings of the plasma change.

• The pressure in the system is typically within the range of 10 to 100 mTorr.

• The butterfly valve between the chamber and pump can be freely adjusted between
open and closed. This makes it possible to select the operating pressure independently
from the flow of gas.
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• The reactor is able to use the following gases: Hydrogen, Oxygen, Nitrogen, Argon,
Ammonia and Sulfur Hexafluoride. These gases are supplied through individual mass
flow controllers, so the flow rate of each gas can be set independently and precisely.

• The system is able to apply RF biasing to the substrate. Further explanation of this
feature is given in section 3.2.1.

Figure 3.2: Image of FlexAL2 reactor which was used for RFEA measurements that employed the
use of RF biasing. Highlighted are: the Inductively Coupled Plasma (ICP) source, the load-lock
through which samples can be placed in the reactor and the ports through which the RFEA probe
connects to its power supply, which are normally occupied by a Quadrupole Mass Spectrometer
(QMS) or a Spectroscopic Ellipsometer (SE). For the ICP source, a schematic diagram indicating its
most important component is shown on the right.

3.2.1 Basics of RF Substrate biasing

As described in the introduction, the properties of some materials deposited by PEALD pro-
cesses can often be altered by changing the energy at which the ions impact the substrate
during the plasma step [8, 27]. Within this work, RF biasing is used to control the ion ener-
gies.

RF biasing works based on the fact that the mobility of electrons in a plasma differs from
that of the ions. The mobility µ of a particle in a plasma is given by [28, p. 134]:

µ =
|q|

mνm
, (3.1)

where q is the particle’s charge, m is its mass and νm is its collision frequency. Since electrons
have a much lower mass than even the lightest of ions, their mobility is significantly greater.
Due to this, electrons are able to respond quickly to high frequency oscillations in the electric
field.

When an oscillating potential is initially applied to a substrate, the resulting potential of
the substrate will attract ions for one half of the oscillation and attract electrons for the other
half. Because of their higher mobility, more electrons reach the substrate during the positive
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part of the oscillation than ions during the negative part. Due to this, a net negative charge
is absorbed by the substrate over the course of an oscillation. Over the course of multiple
oscillations, negative charge will accumulate on the substrate, lowering the average potential
of the substrate [29].

Figure 3.3: Example of the result of applying RF biasing on the potential of a substrate. The figure
shows way in which RF biasing leads to a lower substrate potential, which in turn leads to increased
ion energies. [27]

When the average potential of the oscillation is lowered, the part in which the potential
is positive will become smaller, while the part in which it is negative will become larger.
Therefore, fewer electrons and more ions will reach the substrate during future oscillations.
This process continues until the net flux of the electrons equals that of the ions [29]. The
result of this process is shown in figure 3.3.

In addition to lowering the average substrate potential and increasing the average ion
energy, the oscillations in the bias potential also affect the shape of the biased IFEDF. Ions
that enter the plasma sheath when the bias potential is at a minimum are accelerated more
than those that enter when the potential is at its maximum. For this reason, biasing spreads
out the initial IFEDF. The amount of spreading that occurs depends on the amplitude of
the applied oscillation, which depends on the amount of bias power that is applied [27].
Furthermore, since the oscillation spends more time around the extreme values, a greater
fraction of ions will enter the sheath during those extreme values. This result an IFEDF
with two peaks, a higher energy peak for ions that entered during the minimum of the
bias potential and a lower energy peak for ions that entered near the maximum of the bias
potential. Since the amplitude of the bias potential oscillation increases with bias power [27],
a higher bias power leads to a large separation between the two peaks of the distribution.
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Chapter 4

Simulation of RFEA characteristics

In addition to the experimental investigation, simulations have been performed with respect
to the functioning of the RFEA. These simulations serve to set expectations for the experi-
ments, as well as to help interpreting the measurements. In section 4.1 the underlying prin-
ciples of all employed kinds of simulations are detailed. For some of these simulations, an
external software package was used, which is described in section 4.2. Additionally, section
4.2 describes the specific details regarding the simulations performed for this work.

Within this chapter and the following chapters, the term ’Grid configuration’ will be used
to denote all aspects of the RFEA that remain constant during an RFEA measurement. This
includes the internal geometry of the grids of the RFEA and the potential of those grids, but
not the initial kinetic energy of ions or the potential of the discriminator grid.

4.1 Simulation basics

The first aspect to consider regarding the simulation of the behavior of an RFEA is the de-
cision over what factors are taken into account. These factors include the effects of electro-
magnetic forces. Although electrostatic forces are dominant inside an RFEA probe, electro-
dynamic effects could also play a role since the potentials of the parts of the RFEA change
over time. However, the potential of the discriminator changes at such a low frequency that
these effects do not need to be accounted for. The exact frequency at which the discriminator
potential changes is configurable, but is well below 1 MHz by default. Even the oscillation
of the RF bias potential can be neglected, since its influence is shielded by the first grid.
Therefore, the primary factor that affects the trajectory of particles inside the RFEA will be
the electrostatic force. Because of this, only this force is considered in the simulations.

The calculation of the particle trajectories is split into three steps. In the first two steps,
the electric field inside the probe is calculated. This process takes two steps because the elec-
trostatic potential needs to be determined before the electric field can be calculated. Lastly,
the trajectories of the particles through the calculated electric field are simulated.

Once the behavior of the particles in the RFEA is understood, the way in which the
measured IFEDF is affected by the properties of the RFEA can be studied. If the effect of the
distortion is fully known, it can be compensated for in order to determine the IFEDF with a
higher accuracy. This process is described in section 4.1.5.
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4.1.1 Calculating the electrostatic potential and the electric field

As described above, the first two steps of the simulation involve the calculation of the electric
field in the RFEA. By definition, the electric field ~E relates to the electrostatic potential V
according to [30]:

~E = −∇V, (4.1)

which makes it straightforward to obtain the electric field once the electrostatic potential is
known. Therefore, the calculation of the electrostatic potential is the most extensive step.
The differential equation that governs this potential is given by Poisson’s equation [30]:

∇2V =
−ρ

ε0
, (4.2)

where ρ is the space charge density and ε0 is the vacuum permittivity. This differential equa-
tion can only be solved if boundary conditions are applied to the borders of the simulation
regime. These boundary conditions are given in two forms. The first form assigns a specific
potential to a boundary surface, the other assigns the value of the derivative of the potential
to a boundary surface.

Figure 4.1: Visualization of an example of a calcu-
lated electrostatic potential field for a simulation
regime with boundary conditions of both types.
The red lines indicate equipotential lines of the
electrostatic potential field.

The first kind of boundary condition is
referred to as a Dirichlet boundary condi-
tion [31]. This type is used to model con-
ducting surfaces which are held at a given
potential. The second type of boundary
condition is known as a Neumann bound-
ary condition. For the simulations in this
work, Neumann boundary conditions are
only used with a value of 0 for the deriva-
tive of the potential. When such a Neu-
mann boundary condition is applied to a
boundary plane of the simulation regime,
that plane acts as a plane of symmetry for
the electric potential.

An example of an electrostatic potential
using both kinds of boundary conditions
can be seen in figure 4.1. However, this ex-
ample uses a simulation regime with a sim-
ple shape. The simulation regimes which
are used for the results in chapter 5 have
more intricate shapes due to the presence of
the RFEA grids.

In such complex simulation regimes,
even once the boundary conditions are applied, it would still be impossible to find an exact
solution to the differential equation. However, an approximate numerical solution can still
be obtained. To do this, the simulation regime is first split into several elements with equal
size. Then, equation (4.2) is solved for these elements. This method is described in more
detail in appendix A.2.1.
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4.1.2 Calculating the ion trajectories

Once the electric field has been calculated, the trajectories of the ions can be simulated. This
is done by first defining the initial position and velocity of a large number of particles. The
initial positions of these particles are distributed to cover as much area of the RFEA as al-
lowed by the simulation regime and their initial velocities are distributed according to the
desired input IFEDF. Then, the trajectories of the particles are simulated using the standard
equations of motion. For the particles in an RFEA, the equations of motion for a particle can
be written as follows:

d~v
dt

=~a =
~F
m

=
q~E(~r)

m
d~r
dt

= ~v

d2~r
dt2 =

q~E(~r)
m

,

where ~r is the position of the particle, ~v is its velocity, ~a is its acceleration, ~F is the force
applied to it and ~E(~r) is the calculated electric field at the current position of the particle.
When all trajectories have been simulated, the number of particles that reached the collector
is counted. The amount of particles that reach the collector corresponds to the current that
would be measured by the RFEA for the chosen input IFEDF.

4.1.3 Obtaining and describing the ion transmission

For a given grid configuration, the fraction of ions transmitted by the RFEA depends only on
the initial energy of the ions and potential of the discriminator grid. Therefore, this fraction
can be described using a two-variable function. This function, which will be referred to as
the transmission function, is denoted as T(Vd, Ei).

Using the ion trajectory simulations, the value of this function for a certain Vd,sim and
Ei,sim can be obtained as follows. First, the discriminator grid is given the potential Vd,sim and
the resulting electric field is calculated. Then, a mono-energetic IFEDF with initial energy
Ei,sim is used as the input for the ion trajectory simulations described in section 4.1.2. Finally,
the value of T(Vd,sim, Ei,sim) is obtained by dividing the number of particles that reached the
collector by the original number of particles.

Using repeated simulations with various initial particle energies and various discrimina-
tor grid potentials, several points of the transmission function can be determined. In section
4.1.4, the transmission function and the transmission matrix, which is derived below, are
used to simulate the results of RFEA measurements.

The transmission matrix and the IFEDF and current vectors

For each simulation that is performed, a value for both the discriminator potential Vd and
the initial ion energy Ei is chosen individually. For convenience, the list of chosen values for
these parameters is equally spaced. Therefore, this list can be represented as follows:

Ei = (Ei,1 . . . Ei,n) , Ei,j = Ei,1 + ∆Ei(j− 1)

Vd = (Vd,1 . . . Vd,m) , Vd,k = Vd,1 + ∆Vd(k− 1),
(4.3)
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where Ei,1 and Vd,1 are the lowest chosen ion energy and discriminator potential, ∆Ei and ∆Vd
are the spacing between chosen values, n and m are the number of chosen values and Ei,n and
Vd,m are the highest chosen ion energy and discriminator potential, which are determined
from the other values. For example, these values can be chosen as follows: Vd,1 = −50 V,
∆Vd = 1 V and m = 251. This would result in Vd,m = Vd,251 being equal to 200 V. If a
simulation is performed for each combination of Vd and Ei, it becomes possible to represent
the transmission as a matrix like

T =

TVd,1Ei,1 . . . TVd,mEi,1
...

. . .
...

TVd,1Ei,1 . . . TVd,mEi,n

 , (4.4)

where TVdEi is the transmission of ions with an initial energy Ei when the discriminator grid
has potential Vd.

Similar to the discriminator potential and the ion energy, the current measured by the
RFEA and the IFEDF derived from the current can also be represented as lists. For example,
since the current is measured as a function of the discriminator potential, the list containing
the measured current can use the same potentials as the list of potentials used in equation
(4.3). In the same way, the IFEDF can be described as a list as well:(

fEi,1 . . . fEi,n

)
, fEi,j = f (Ei,1 + ∆Ei(j− 1))(

IVd,1 . . . IVd,m

)
, IVd,k = I(Vd,1 + ∆Vd(k− 1)),

(4.5)

where f (Ei) is the ion flux energy distribution and I(Vd) is the current measured by the
RFEA. For the purposes of future calculations, these lists can be written as two row vectors:

f =
[

fEi,1 . . . fEi,n

]
(4.6)

I =
[
IVd,1 . . . IVd,m

]
. (4.7)

In sections 4.1.4 and 4.1.5, the vectors f (4.6), I (4.7) and the matrix representations of the
transmission T (4.4) are used to explain the method by which RFEA measurements are sim-
ulated and how the effects of RFEA measurements are compensated for.

4.1.4 Simulating an RFEA measurement

The main goal of the simulations is to investigate the effects that the parameters of a grid
configuration have on the measured current. In this context, the parameters of a grid config-
uration refer to several aspects. The first of these aspects is the geometric arrangement and
shape of the grids. The other aspects are comprised of the potentials of the non-discriminator
grids and the collector. The potential of the discriminator is excluded because it changes dur-
ing a measurement.

In essence, an RFEA measurement is simulated by finding the associated current vec-
tor I for a given input IFEDF f . The relation between these vectors is determined solely
by the transmission matrix T . The exact relation can be derived from equation (2.3) using
the following steps. First, the term for the transmission is changed from a constant T to a
function T(Vd, Ei). Since the new term for the transmission is no longer a constant, it must
be included in the integral. Next, the limits of the integral are expanded to cover the entire
range of possible ion energies. This is necessary because the transmission of the RFEA is no
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longer assumed to be zero for ion energies below the discriminator potential. The resulting
equation is:

I(Vd) = eA
∞∫

0

f (Ei)T(Vd, Ei)dEi. (4.8)

For a single value of the discriminator grid potential, the associated current can be approx-
imated by replacing the integral with a summation. In order to do this, the product of the
functions f (Ei) and T(Vd, Ei) is replaced by the product of the matrix elements fEi,k and
TVd,jEi,k . The result can be simplified into a vector product of the IFEDF vector and a column
of the transmission matrix:

IVd,j = eA
n

∑
k=1

fEi,k TVd,jEi,k = eA
[

fEi,1 . . . fEi,n

] TVd,jEi,1
...

TVd,jEi,n

 . (4.9)

This result can be extended to the whole current vector by taking the whole transmission
matrix instead of just one column:

[
IVd,1 . . . IVd,m

]
= eA

[
fEi,1 . . . fEi,n

] TVd,1Ei,1 . . . TVd,mEi,1
...

. . .
...

TVd,1Ei,1 . . . TVd,mEi,n

 . (4.10)

Thus, the whole process of obtaining the current vector of a simulated measurement can be
reduced to a single matrix multiplication:

I = eA f T . (4.11)

This means that once the transmission matrix of a configuration has been obtained, no fur-
ther simulations are needed for that particular configuration. Simulated measurements can
then be done by choosing an input IFEDF and inserting it into equation (4.11).

4.1.5 Recovering the original IFEDF

In experiments, the IFEDF is obtained by taking the derivative of Ii with respect to Vd (as
described in equation (2.4)). However, this method ignores the influence of the RFEA geom-
etry and grid potentials on the measured current vector. This leads to discrepancies between
the IFEDF that enters a probe and the IFEDF that is measured by the probe, as seen in the
results of the simulated measurements in section 5.1.2.

When the complete transmission matrix of a grid configuration is known, it becomes pos-
sible to account for these discrepancies and recover the original distribution. Two possible
methods by which this can be achieved are described below.

By matrix multiplication

The first method by which the original IFEDF can be obtained is essentially the reverse of
the method described in section 4.1.4. Equation (4.11) is reversed by using the inverse of the
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transmission matrix, as shown in equation (4.12):

I = eA f T

IT−1 = eA f TT−1

IT−1 = eA f

f =
1

eA
IT−1. (4.12)

However, if this method is applied to experimentally or even computationally acquired cur-
rent vector, even small discrepancies lead to large errors in the obtained IFEDF.

By gradient descent

Rather than attempting to obtain the IFEDF directly from the measured current, the method
described in this section takes a different approach. It attempts to create an IFEDF which,
when used in equation (4.11), results in a current vector which is close to the one that was
measured.

The method starts by making a guess for the IFEDF fin that led to the measured current
profile Ii,meas. The value of this initial guess should not affect the final result, so any initial
guess can be chosen. For example, the initial guess can be chosen to be the IFEDF obtained
by taking the derivative of the current: fin = Ii

Vd
(equation (2.4)). Another possible value for

the initial guess is an IFEDF which is zero everywhere: fin = 0. After several iterations, both
of these initial guesses converge onto the same final result.

After the initial guess is made, the current vector Ii,calc associated with the guessed IFEDF
is obtained using equation (4.11). Ii,calc and Ii,meas can then be compared and a numerical
value for the error between them can be calculated. The error is obtained by adding to-
gether the squares of the differences between each element of Ii,calc and Ii,meas, which can be
simplified into:

Error( f ) =
m

∑
i=1

(Ii,meas − Ii,calc)
2

=
m

∑
i=1

(Ii,meas − finTVi)
2

= (Ii,meas − finT)T(Ii,meas − finT). (4.13)

The desired result is acquired by iteratively modifying the value of f such that the value
of Error( f ) is reduced. Within this process, one of the minimization methods described in
appendix A is used to find the next value of f . If gradient descent [32], the simplest of the
algorithms described in the appendix, is used, the value of Error( f ) decreases quickly dur-
ing the first several thousand iterations. After that, its value stops decreasing significantly.
When this point is reached, the obtained solution does not show the same errors as those ob-
served when the matrix multiplication method is used. Some examples of the intermediate
iterations of the minimization process are shown in figure 4.2.

Furthermore, gradient descent allows for corrections to be made between the iterations
of the algorithm. This makes it possible for the algorithm to avoid physically impossible
solutions, such as those where the IFEDF is negative at some points.
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Figure 4.2: Left: Representation of the process by which the created algorithm attempts to reconstruct
an IFEDF (shown in dashed blue). An initial guess is made where the IFEDF is zero everywhere.
Then, gradient descent is applied several times. Some intermediate values of the method are shown
in dashed black lines. The final result of the reconstruction algorithm is shown in red. Right: Value
of Error( f ) over multiple iterations.

The more advanced minimization algorithms, which are described in appendix A, be-
gin to show the same errors as the matrix multiplication method after significantly fewer
iterations. In addition, these algorithms do not allow for corrections to be made between
iterations, leading to results with negative values in the IFEDF. These aspects make them
less useful for the purpose of recovering the IFEDF.

4.2 Simulation package

The calculation of the electric field and the ion trajectories as described in sections 4.1.1 and
4.1.2 are not trivial to implement into a new program. Instead, both of these calculations are
performed using a dedicated software package called IBSIMU [33]. The basic procedure for
an RFEA simulation in this software can be described as follows:

• Define the shape and size of the simulation regime in 3D space. For the RFEA simula-
tions, this would also include the shape of the grids inside the RFEA.

• Apply boundary conditions to all borders of the simulation regime.

• Calculate the electrostatic potential.

• Calculate the electric field.

• Define the particles for which the trajectories need to be calculated. Including initial
position, velocity and how these are distributed.

• Calculate the trajectories of these particles. These calculations are performed individ-
ually, so the particles do not affect each other.
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An example of the results of one of these simulations is shown in figure 4.3. In this example,
the discriminator potential is close to the initial particle energy. As a result, some particles
are able to pass the discriminator grid, while others are reflected.

Figure 4.3: Example of the electric potential and ion trajectories simulated in IBSIMU. The red lines
represent the trajectories of the simulated ions, the blue shapes indicate the grid geometry and the
green lines represent equipotential lines of the calculated electrostatic potential. Particles enter from
the left and the collector is placed on the right.

4.2.1 Grid geometries

The exact arrangement and shape of the grids used for the simulations play a large role in
their outcome. In order to investigate this role, two cases of grid geometries are studied.

Figure 4.4: Schematic representation of grid geometries used in the simulations. All grids have an
aperture size of 50 µm, a wire width of 10 µm, a thickness of 25 µm and are separated by 200 µm.
Depending on the simulation, either 3 or 4 grids are used for the aligned grid geometry. For the
unaligned grid geometry, 3 grids are always used. Left: Aligned grid geometry. Right: Unaligned
grid geometry.
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Figure 4.4 shows the grid geometries that are used in the simulations. The unaligned grid
geometry (right) is based on a result obtained using a microscope on a real RFEA by T.H.M
van de Ven [34]. The other geometry (left) is also based on this experimentally obtained
geometry, but places the grids exactly above one another so that they are perfectly aligned.

4.2.2 Extensions to the simulation

Although IBSIMU by itself can accurately simulate the trajectories of ions, it does not ac-
count for some of the effects that govern the operation of an RFEA. Effects such as secondary
electron emission and the ionization of neutral species are not present in the base of the sim-
ulation. Fortunately, IBSIMU allows for the extension of its functionality by setting specified
actions to be triggered to occur after specified events (such as collisions of a particle with a
simulation boundary) or during specified steps of the simulation (such as during the calcu-
lation of a trajectory). In this work, the possibility for extension is used to implement the
effects of secondary electrons and the ionization of neutrals into the simulation.

The first and simplest effect to implement is the emission of secondary electrons. This
is done by setting an action to trigger whenever one of the simulated ions collides with a
simulation boundary. This action consists of multiple steps: it first checks whether the ion
collided with the collector, on which secondary electron emission is expected. If it did, a
random number is generated. If the random number is higher than a previously specified
constant value, a new particle is created. The new particle is given the same but opposite
charge of the ion and the same mass as an electron. After the particle is created, it is emit-
ted from the location of the collision at a chosen velocity and direction. The choice of the
predefined value and the secondary electron properties make it possible to freely specify the
behavior of the secondary electrons that are emitted. In order to see the effect of secondary
electrons as clearly as possible, ions in the simulations are set to have a 100% probability to
emit a secondary electron.

The implementation of the ionization of neutral species follows a similar procedure. In
order to implement this effect, an action is set to occur during each step in the trajectory of an
electron. Again, the action consists of multiple subtasks. First, the energy of the electron is
determined. Then, the ionization cross-section σ of the chosen gas at that energy is calculated
using an empirical formula from the literature [16]:

σ(E) = a(1− be−c(U−1))
N

∑
i=1

qi
ln(E/Pi)

EPi
; E ≥ Pi. (4.14)

Where a, b and c are experimentally obtained constants [16], E is the kinetic energy of the
electron, Pi is the binding energy of electrons in the i-th electron shell, qi is the number of
electrons in that shell, U = E/P1 and N is the number of electron shells that are considered
in the calculation. For argon, which is used in the simulations, these constants have the
following values: a = 4.0, b = 0.62, c = 0.4, P1 = 15.8 eV and P2 = 29.2 eV. In this case, two
electron shells are considered in the calculation. Including more electron shells negligibly
improves the accuracy of the cross-section.

The calculated cross-section, the density of the gas (which was chosen ahead of the sim-
ulation) and the distance traveled by the particle during the current step of the trajectory
are then used to determine the probability of the occurrence of an ionization. Like before, a
random number is used to determine whether the ionization actually occurs. If the ioniza-
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tion occurs, multiple actions are performed. First, the original electron is destroyed. Then,
three new particles are created, which consist of two electrons and one ion. Before the ion-
ization, the kinetic energy and momentum of this system was equal to that of the electron
combined with that of the neutral species. For simplicity, the neutral species is assumed to
be stationary at the moment of ionization. After the ionization, the total kinetic energy of
the three particles is reduced by an amount corresponding to the ionization energy of the
neutral species, which is equal to 15.8 eV for argon. For simplicity, all of the kinetic energy is
given to one of the electrons, leaving the other two particles stationary.

Regardless of whether an electron actually causes an ionization to occur, these calculation
steps need to take place several times for each electron. As a result of this and the fact that
the calculations themselves are much more elaborate, the effect of the ionization of neutrals
is much more computationally intensive to simulate.

4.2.3 Simulation resolution

As described in section 4.1.1, the electric field inside the simulation regime is obtained by
splitting the regime into several elements. The size of these elements determines how ac-
curately the electric field can be obtained. A smaller element size leads to a more accurate
electric field. However, reducing the size of each element also increases the number of ele-
ments that are needed to describe the system. As the number of elements increases, both the
required memory and the processing time increases. Especially the required memory can
easily exceed the limits of the employed computer when the element size becomes smaller.

Figure 4.5: Comparison between the results of simulations performed at various element sizes. In
these simulations, the unaligned grid geometry shown in figure 4.4 was used in combination with a
mono-energetic IFEDF with an ion energy of 100 eV. Going from an element size of 5 µm to 3.33 µm
changes the result significantly. Going from 3.33 µm to 2.5 µm has a much smaller effect.
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In order to determine how small the elements need to be in order to get accurate results,
the results of simulations for multiple values of the element size are compared. In each
of these simulations, a mono-energetic IFEDF with a single value of 100 eV for the ion en-
ergy is used. For each element size, the discriminator potential is varied from 90 V to 100 V.
This narrow range is chosen so that only the section where the transmission changes signif-
icantly is shown. After each simulation, the fraction of particles that reached the collector is
recorded. These results are shown in figure 4.5, which shows a clear difference when going
from an element size of 5 µm to 3.33 µm, but a much smaller difference when going to 2.5 µm.
The memory required to perform simulations with an element size of 2.5 µm is considerably
greater than that at 3.33 µm. For these reasons, the simulations in chapter 5 are performed
with an element size of 3.33 µm.
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Chapter 5

Results and discussion

In this chapter, the results obtained throughout this work will be given and discussed. These
results are divided into two sections. First, simulations are used to analyze how the internal
structure and grid potentials of an RFEA can influence the results of measurements. Then,
experiments are used to verify the observations from the simulations and investigate any
discrepancies.

5.1 Simulations

The performed simulations are divided into multiple topics. First, the influence of the in-
ternal geometry of an RFEA on its characteristic properties are determined. Then, RFEA
measurements are simulated using various values of grid potentials in order to see the effect
of secondary electrons and the ionization of neutrals. Finally, the reconstruction algorithm
is applied in order to remove the influences observed in the simulated measurements.

5.1.1 RFEA characteristics

Ion transmission

To reiterate, the transmission of the RFEA is defined as the number of ions that reach the
collector divided by the number of ions that enter the probe. This property of the RFEA
depends on both the energy of the incoming ions Ei and the potential of the discriminator
grid Vd and is described using the transmission function T(Ei, Vd).

The transmission function of an ideal RFEA will be denoted as Tideal . In the ideal case,
there are two possible reasons for why an ion would not reach the collector. First, ions
which have a kinetic energy lower than the discriminator potential would be reflected by
the discriminator grid and leave the probe. Second, any ion that collides with one of the
grids of the RFEA is prevented from reaching the collector.

Both of these reasons affect the behavior of Tideal . The first results in Tideal being zero
whenever Vd > Ei, since no ions are transmitted in that case. At all other points, the trans-
mission would be equal to the fraction of ions that do not collide with one of the grids of the
RFEA. Depending on the assumptions which are made regarding the behavior of the ions,
this fraction can have two values.

If it is assumed that the ions travel in straight paths perpendicular to the probe surface,
the fraction of ions that does not collide with one of the grids is equal to the fraction of the
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area of the collector that is not covered by one of the grids. This value is defined as the
optical transmission (Toptical) of a probe. For the aligned grid geometry, this value is equal to
the transmission of a single grid, which equals 70% for the grids used in both grid geometries
shown in figure 4.4. For the unaligned geometry, the optical transmission can be calculated
to be equal to 34%.

Alternatively, it can be assumed that, due to the effect of ion lensing described in section
2.1.3, the ions spread out after each grid. In this case, each grid would block a fraction of
ions equal to the transmission of a single grid, resulting in a combined transmission of TN

grid,
where N is the number of grids and Tgrid is the transmission of a single grid. In this case,
the transmission of a probe with 3 grids would be equal to 0.73 = 34.3%. For a probe with
4 grids, the transmission would be 0.74 = 24.1%. Note that the optical transmission of the
unaligned geometry is approximately equal to TN

grid.
Combining the effects described above, the ideal transmission function can be repre-

sented in the following form:

Tideal(Ei, Vd) = Tconstθ(Ei −Vd) (5.1)

Where θ(x) is the Heaviside step function and Tconst is equal to Toptical if the ions are assumed
to travel in straight paths and TN

grid if the ions are assumed to spread out after each grid.
In a real RFEA, the transmission does not behave so nicely. Using the simulation tech-

niques described in chapter 4, the behavior of the transmission versus the ion energy was
determined for both the aligned and unaligned grid geometries and for multiple values of
the discriminator potential. The results of these simulations can be seen in figure 5.1, where
they are compared to the ideal transmission.
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Figure 5.1: Simulated transmission as a function of ion energy for multiple values of the discriminator
grid potential for the two grid geometries. The geometric arrangement of the RFEA grids influences
the behavior of the transmission. Transparent lines indicate the ideal value of the transmission using
the optical transmission. Top: Aligned grid geometry. Bottom: Unaligned grid geometry.
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For the aligned grid geometry, the highest attained transmission is approximately 70
percent, which corresponds exactly to the optical transmission of this geometry. However,
this transmission is only reached for a discriminator potential of −5 V. For this value of
the discriminator potential, the highest transmission is is reached almost immediately and
stays constant afterwards. At other discriminator potentials, the transmission initially rises
rapidly when the ion energy approaches the discriminator potential and continues to in-
crease slowly afterwards. For very high ion energies, the transmission will eventually ap-
proximate the optical transmission of this configuration.

For the unaligned grid geometry, a different pattern is seen. For all values of the discrim-
inator potential, the maximum transmission is reached almost immediately after the ion en-
ergy surpasses the discriminator potential and stays nearly constant afterward. In all cases,
the constant value for the transmission is approximately 34 percent, which corresponds to
both the optical transmission of the unaligned geometry and the value of TN

grid.
Similarities between the two cases exist as well. Both cases already show a non-zero

transmission for ions with energies slightly lower than the discriminator potential. This
effect can be explained by examining the way in which the discriminator grid affects the
trajectories of these ions. The grid selectively transmits ions by inducing a potential barrier
that low energy ions would be unable to overcome. However, the height of this potential
barrier is only equal to the discriminator potential at the grid itself. Inside the holes of the
grid, the potential barrier is slightly lower, allowing some ions to pass through. A more
detailed explanation of this phenomenon is given in section 2.1.3.

Energy Resolution

Another aspect of the RFEA which impacts the results of measurements is its energy resolu-
tion. In section 2.1.3, the energy resolution is defined to be the width of the measured IFEDF
when a mono-energetic IFEDF is used as the input. In this section, the energy resolution is
obtained using simulated measurements.

For a particular grid configuration, the energy resolution not only depends on the prop-
erties of that configuration, but also on the ion energy used for the simulated measurement.
In order to see these influences, energy resolution simulations are performed for both grid
geometries at two different ion energies. The results of these measurements can be seen in
figure 5.2.
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Figure 5.2: Simulated IFEDFs and their FWHMs for a mono-energetic IFEDF for both grid geometries
at two ion energies. Top: 5 eV beam. Bottom: 100 eV beam. In both cases, the aligned grid geometry
has a better energy resolution, though the difference becomes smaller at higher ion energies.

The results from the energy resolution simulations show that the energy resolution of
both grid configurations deteriorates significantly for higher ion energies. Additionally, the
energy resolution of the aligned grid configuration is better for both ion energies, although
the differences are smaller for higher energies.
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Implications for ion flux measurements

Ideally, the flux measured by an RFEA does not depend on the energy of the incoming
ions. In order to investigate whether the same flux is measured for ions of all energies,
multiple measurements are simulated for both grid geometries. Each measurement uses a
mono-energetic IFEDF as its input. Over multiple measurements, the energy of the mono-
energetic IFEDF is varied. After each measurement, the area under the observed IFEDF peak
is recorded. The results of these measurements are given in figure 5.3 and show that the ge-
ometry of the probe significantly affects how the RFEA measures flux. Since the unaligned
grid geometry results in a more consistent measurement of the flux, this geometry is favored
for the purpose of measuring the ion flux.

The cause behind the variation in measured ion flux for the aligned geometry can be seen
in figure 5.1. For higher values of the discriminator potential, the transmission of the aligned
geometry is lower, which results in a lower measured flux. Since this effect is not present for
the unaligned geometry, the flux measured by this geometry does not vary significantly.

Figure 5.3: Simulated measurements of various mono-energetic input IFEDFs for both grid geome-
tries. In the aligned case, the observed flux depends significantly on the energy of the used ions. This
effect is greatly reduced for the unaligned case.Left: Aligned grid geometry. Right: Unaligned grid
geometry.
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5.1.2 Simulated Measurements

Aside from making it possible to determine the characteristic parameters of a given RFEA,
the simulations also enable the re-creation of a full IFEDF measurement using the matrix
multiplication method, which is described in section 4.1.4. However, in order to perform a
single simulated measurement using this method, full knowledge of the transmission func-
tion T(Ei, Vd) is required. In order to obtain the full transmission function, the transmission
must be simulated at all possible combinations of Ei and Vd. If Ei is assumed to range from
0 to 200 eV and Vd from -50 to 200 V, using steps of 1 eV and 1 V respectively, a total of 50451
simulation would be necessary. Nevertheless, this method has the advantage that, once the
transmission function is known, each subsequent simulated measurement only requires the
calculation of one matrix multiplication. However, if only a small number of simulated mea-
surements are required, a significantly faster method can be used. This method, which will
be referred to as individually simulated measurements, is described below:

• First, the electric field in the probe is determined in the same way as described in
section 4.1.1.

• Then, the initial velocities of the particles are distributed according to the desired input
IFEDF.

• Next, the trajectories of the particles are simulated using the method described in sec-
tion 4.1.2.

• From the simulated trajectories, the fraction of particles that reach the collector is
recorded.

• The first four steps are repeated several times, each time changing the potential of the
discriminator grid, imitating the way a real RFEA obtains its results.

At the end of this process, the fraction of transmitted ions, which is equivalent to the current
measured by the RFEA, is known as a function of the discriminator potential. Using equation
(2.4), the simulated measured current can be converted into the IFEDF. This method requires
one simulation for each value of the discriminator potential. Using the same assumptions as
before, this means that 251 simulations are needed for each simulated measurement. If only
one or a few simulated measurements are performed for a particular grid configuration, this
method uses significantly fewer simulations compared to the matrix multiplication method.

In the rest of this section, individually simulated measurements are used to examine
the way in which secondary electrons and the ionization of neutral species influence the
measured IFEDF. Three different grid potential configurations are used for this purpose,
all of which use the aligned grid geometry with four grids. The aligned grid geometry
was chosen for the simulated measurements because some of the observed effects are more
visible for this geometry.

For comparison, each simulated measurement uses the same input IFEDF. In the first
configuration, all grids are left at their standard potential. The other two configurations
are used to examine the effects of secondary electrons and the ionization of neutral species
separately by grounding either the second or the fourth grid of the simulated RFEA. For
these configurations, the result obtained from the first configuration is used as a baseline.

Since the input IFEDF is known before the simulated measurement, it can be compared to
the obtained IFEDF in order to see how the configuration affects the results. The figures used
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in this section have the following structure: first, the chosen input distribution is displayed
in a faint red line. Next, the current profile from the simulated measurement is shown with
a thicker black line. Finally, the measured IFEDF calculated using equation (2.4) is graphed
using a thick red line. For clarity, the layout of the potential distribution inside the RFEA is
inset into each graph.

In the first studied grid configuration, all grids are held at their normal potential. The
results of the simulated measurement for this configuration can be seen in figure 5.4. These
represent the most accurate results possible using a normal measurement, since all direct
causes of distortions are negated. Still, some differences exist between the input and mea-
sured IFEDF. The effect of the limited energy resolution of the prob causes both peaks in the
input IFEDF to be spread out in the simulated measurement. In this case, the effect on both
peaks is approximately the same.

Figure 5.4: Simulated IV curve (black) and ion energy distribution (dark red) of an RFEA measure-
ment where the grids are held at the correct potentials and the aligned grid geometry is used. Though
the measurement was done correctly, the simulated measurement differs from the input distribution
due to the limited energy resolution caused by effects such as those described in section 2.1.3. Inset
inspired by [17].

In the next configuration, the potential of the secondary electron suppression grid is set
to zero and the other grids are held at their normal potential. In this configuration, the effect
of secondary electrons, as seen in the literature [17] and in section 2.1.3, should be visible.
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As a reminder, the effect of the secondary electrons shows as a negative peak in the IFEDF
located at the point where the discriminator potential equals the potential of the collector
plus the initial energy of the secondary electrons. The result can be seen in figure 5.5.

Figure 5.5: Simulated IV curve (black) and ion energy distribution (dark red) of an RFEA measure-
ment where the fourth grid, which serves to repel secondary electrons back to the collector, is left at
the ground potential. The effect of secondary electrons can be seen in the sharp increase in ion current
at a discriminator potential of −20 V. Inset inspired by [17].

In this case, the distortion of the measured distribution is very clearly visible. Not only
is the expected effect of the secondary electrons clearly present at the expected position, but
the rest of the distribution is also affected. Whereas the two peaks of the original distribution
were affected nearly equally in the previous case, the effect is now different for each of the
peaks. While the left peak is approximately the same as before, the right peak is now broader
and smaller.

A possible explanation for this effect can be seen in figure 5.2 and 5.3. This figure shows
the energy resolution of the RFEA decreasing at higher ion energies. A lower value of the
energy resolutions causes peaks in the ion distribution to spread out further, lowering their
height as well. This effect was already slightly visible in the unmodified case, but is even
stronger when the fourth grid is disabled. This suggests that the energy resolution of the
probe also depends on the grid potentials.

The last configuration which is studied is the situation where the plasma electron sup-
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pression grid is disabled instead of the secondary electron suppression grid. As described in
section 2.1.3, this change should cause the appearance of an increasing current at the end of
the current distribution. After applying equation (2.4), this increasing current corresponds
to a negative measured ion flux at those energies. The result of this configuration can be seen
in figure 5.6.

Figure 5.6: Simulated IV curve (black) and ion energy distribution (dark red) of an RFEA measure-
ment where the second grid, which serves to repel plasma electrons, is left at the ground potential.
An increasing trend of the ion current can be seen for higher values of the discriminator potential.
Additionally, the measured distribution shows a shoulder on its left side. Inset inspired by [17].

As expected, the simulated current profile shows an increase towards the end of the
distribution, indicating that the simulation is able to reproduce the effect of the ionization
of neutrals seen in the literature [17]. More interestingly, a large shoulder has appeared on
the left side of the original energy distribution. If the effect of the ionization of neutrals is
disabled in the simulations, this shoulder is still present. Similar shoulders were already
seen in figure 5.2, indicating that the presence of shoulders like this is not unique to this
configuration of grid potentials. Additionally, both peaks in the distribution are now smaller
than they were originally. The cause of the observed shoulder is presumed to be related to
the effect of ion lensing discussed in section 2.1.3.
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5.1.3 Recovering the original IFEDF

In this section, the reconstruction algorithm described in section 4.1.5 is applied to the results
of one of the simulated measurements. This method aims to account for and remove the
influences seen in the previous section. The employed simulated measurement uses the
aligned grid geometry for which the plasma electron suppression grid is grounded while all
other grids are held at their normal potential. Simulated measurements using this particular
grid configuration show several clear differences compared to the input distribution as seen
in figure 5.6. For convenience, the minor effect of the ionization of neutral species is disabled
for the purposes of the recovery.

In order to apply the reconstruction algorithm, the full transmission matrix TVE must
be known. As described in section 4.1.4, the transmission matrix consists of the value of
the transmission function T(Vd, Ei) for each possible combination of the ion energy and the
discriminator potential. Although it is possible to simulate the transmission for each element
of the matrix using the method from section 4.1.2, the time required to do so makes this
unfeasible. In order to reduce the required simulation time, the transmission T(Vd, Ei) is only
simulated for a subset of the possible combinations of Vd and Ei. The combinations for which
a simulation is performed are chosen to be concentrated around the region where the Ei is
close to Vd, since the transmission will vary significantly in this region. Then, interpolation
is used to determine the value of the transmission for the remaining combinations of Vd and
Ei.

Figure 5.7: Full transmission function T(Vd, Ei) of a simulated RFEA using the aligned grid geometry
where the plasma electron suppression grid was disabled. This case was used because the simulated
measurements using this configuration show a clear difference between the input and measured dis-
tributions, as seen in figure 5.6.
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If a simulation is performed for a sufficiently large number of combinations, the error
caused by the interpolation will be minimized. Using interpolation, an approximation of the
transmission function T(Vd, Ei) can also be obtained, which is displayed in figure 5.7.

After the transmission matrix is obtained, it is used in combination with the method in
section 4.1.5 to obtain the reconstructed IFEDF. The result of this process is shown in figure
5.8. In this figure, the input IFEDF is shown in blue and is included as a means of com-
parison, the recovery method has no knowledge of it. Ideally, the result of the recovery
would approximate this input IFEDF as close as possible. The black line corresponds to the
IFEDF obtained from the simulated measurement. Finally, the reconstructed IFEDF obtained
through the algorithm is shown in red. Although the simulated measurement shows differ-
ences similar to those seen in figure 5.6, the reconstruction is able to correct for many of these
influences and obtain a result that is close to the input IFEDF, even though the input IFEDF
is not used in the algorithm.

Figure 5.8: Input, simulated measurement and reconstruction of an IFEDF with two Gaussian peaks.
The simulated measurement shows clear differences compared to the input. Still, the reconstruction
is able to correct these errors without knowing the input IFEDF.
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5.2 Experimental IFEDFs at default settings

In this section, the IFEDFs measured for various plasma conditions are given. For these mea-
surements, the settings of the RFEA are left at their default state. This makes them suitable
as a base to which measurements in section 5.3 are compared. Unless mentioned otherwise,
these IFEDFs were measured using the 4-grid RFEA in the ALD-iii reactor. Additionally,
the principles underlying the influences of gas species, pressure, ICP power and biasing are
briefly discussed to give insight into how the IFEDF can be tailored.

When a particular property of the plasma is being varied, other properties are set accord-
ing to a default condition, which consists of an argon plasma at 15 mTorr using 100 W of ICP
power.

5.2.1 Difference between gasses

The first plasma parameter for which the influence is investigated is the gas species of the
plasma. Figure 5.9 shows the IFEDFs of plasmas made with all gases available in the ALD-iii
reactor. Though the other conditions of the plasma are kept the same, the average ion energy,
total ion flux and shape of the IFEDF vary significantly between the gases.

The differences between the measured IFEDFs of each of the gases are related to the
various properties of these gases. Properties such as the ionization cross-section, the atomic
mass and the electron temperature each have an influence on the IFEDF.

Figure 5.9: Comparison between the IFEDF of the four available gases at 15 mTorr using 100 W of
ICP power. Both the average ion energy and flux differ for each gas.
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In figure 5.9 no ions were detected with an energy greater than 50 eV, which persists
for future measurements. For clarity, this region of the IFEDF is removed from subsequent
figures.

5.2.2 Influence of pressure

Next, the effect of changing the pressure at which the measurement is performed is exam-
ined. As seen in figure 5.10, increasing the pressure at which a plasma is made decreases the
measured ion flux and the average ion energy. The reduced ion energy can be explained as
follows: when the pressure is increased, the electron temperature of the plasma decreases
[28, Fig 10.1]. As a result, the sheath potential at the surface decreases as well [28, Eq. 6.2.17].
Due to the lower sheath potential, the ions are not accelerated as much, reducing the energy
at which they impact.

An additional effect of the higher pressure is that the plasma becomes increasingly local-
ized around the ICP source. Due to the distance between the ICP source and the substrate,
the density of the plasma near the substrate decreases at higher pressures, which explains
the lower ion flux.

Figure 5.10: Comparison between the IFEDF of an argon plasma at three different pressures at 100 W
of ICP power. Decreasing the pressure increases the ion flux and the average ion energy.
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5.2.3 Influence of ICP power

The amount of applied ICP power has roughly the opposite effect to that of the pressure. As
seen in figure 5.11, increasing the applied ICP power results in a higher ion flux as well as
a slightly higher average ion energy. This effect can also be explained using the ion density
of the plasma. When a larger amount of ICP power is applied, the ion density of the plasma
increases, which also increases the ion flux. Additionally, the increase of the average ion
energy can be explained through the introduction of some capacitive coupling between the
ICP source and the substrate.

Figure 5.11: Comparison of the effects of ICP power on an argon plasma at 15 mTorr. Increasing the
applied ICP power also increases the ion flux and the average ion energy.

5.2.4 Influence of bias and bias power

Lastly, the influence of biasing and the amount of bias power is shown. Since biasing is not
available on the ALD-iii reactor, these results were obtained in the FlexAL2 reactor using the
3-grid probe. Figure 5.12 shows the IFEDFs of plasmas where the bias power was varied
between 0 W and 60 W. As expected, increasing the applied bias power leads to an increased
average ion energy.
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Figure 5.12: Comparison of the effects of bias power on a 600 W argon plasma at 9 mTorr. When
biasing is applied, the single original IFEDF peak splits into two. Increasing the bias power raises
the average ion energy as well as the distance between the split peaks. These measurements were
performed in the FlexAL 2 reactor using the 3-grid probe.

Furthermore, as explained in section 3.2.1, the addition of biasing causes the single initial
peak in the IFEDF to split into two peaks. When the bias power is increased, the separation
between the two peaks also increases due to the increased amplitude of the bias potential.

The effects of RF biasing, ICP power and pressure provide three variables through which
the IFEDF can be controlled. In simplified terms, RF biasing is able to increase the average
ion energy, while an increased pressure is able to reduce it. Furthermore, an increased ICP
power leads to a larger ion flux, while an increased pressure leads to a lower ion flux.

5.3 Functional testing of the RFEA

All experimental results in section 5.2 used the RFEA with each grid at its default condition.
In these scenarios, the measurement artifacts as described in section 2.1.3 do not appear. For
normal purposes, this would be the desired state. However, for the purpose of investigating
these effects, they need to be present. In this section, the settings of the RFEA are altered
in order to see the influence of these effects. The results of these measurements are then
compared to those that were simulated in section 5.1.
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5.3.1 Secondary electrons

The first effect for which the influence is investigated is that of the secondary electrons. As
seen in section 2.1.3, these electrons are expected to influence the measured distribution
through the appearance of a negative peak with an apparent negative ion energy. Addi-
tionally, the position of this peak is expected to depend on the potential that is applied to
the collector. The results in figure 5.13, which were obtained using the 3-grid probe in the
FlexAL 2 reactor, show some examples of this behavior. In both of these results, a negative
peak can be seen at the potential of the collector.

Figure 5.13: Examples of measurements performed in the FlexAL 2 reactor that show a secondary
electron peak. In both examples, the position of the secondary electron peak corresponds to the point
where the discriminator potential equals the collector potential. Labeled: area in which the secondary
electron peak appears.

First, the conditions required to induce the effect with the 4-grid probe are investigated
by varying the potentials of these grids. Aside from the discriminator grid, the potential of

51



CHAPTER 5. RESULTS AND DISCUSSION

both the plasma electron suppression grid (G2) and the secondary electron suppression grid
(G4) can be adjusted. Figure 5.14 shows the result of multiple measurements on the same
plasma condition where different combinations of those grids are grounded.

Figure 5.14: Comparison of the effect of grounding the secondary electron suppression grid and/or
the plasma electron suppression grids. Some of the measurements show the effect of secondary elec-
trons described in section 2.1.3, but none of them show any noticeable difference for ion energies
greater than 50 eV. To the right of the figure a schematic representation of the RFEA is shown to
clarify which grids are grounded. Measurements done for a 100 W argon plasma at 15 mTorr.

As expected, the negative peak at negative energies caused by the secondary electrons
appears for both measurements where the fourth grid is grounded. In the rest of this section,
the influence of various plasma parameters on the effect of secondary electrons will be in-
vestigated. Since grounding the plasma electron suppression grid is not necessary in order
to observe the effect, the measurements performed for this purpose will only have the fourth
grid grounded.

Additionally, the results in figure 5.14 show a clear difference between measurements
where the collector and the second grid were grounded and those where they were not
grounded. When the collector and the second grid are grounded, the measured IFEDF is
significantly sharper and does not extend as far towards lower ion energies. A possible
reason behind this influence was described in section 5.1.2. In that section, it was observed
that the potentials applied to the non-discriminator grids can influence the shape of the
measured IFEDFs, which is presumed to be caused by the effect of ion lensing (see section
2.1.3). Additionally, the limited ion acceptance angle of the probe may influence the amount
of collected ions at low values of the discriminator potential.
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Next, the influence of the gas species on the effect of the secondary electrons is investi-
gated. Figure 5.15 shows the IFEDFs measured for the available gases where the secondary
electron suppression grid is grounded. The expected negative peak is clearly visible in the
IFEDFs of argon and nitrogen. However, it is absent in the results for hydrogen and oxygen.
Some of the possible reasons for this absence are investigated in section 5.3.1.

Figure 5.15: Comparison of the effects of the disabled secondary electron suppression grid on the
measured IFEDF between the four available gases. The negative peak associated with secondary
electrons is present, but only for argon and nitrogen. Measurements performed at 15 mTorr using
100 W of ICP power. Labeled: area in which the secondary electron peak appears.

Secondary electrons are expected to be emitted when ions reach the collector. Thus, the
amount of secondary electrons emitted during a measurement should be proportional to the
ion flux. However, as seen in figure 5.16, varying the pressure does not consistently affect the
intensity of the effect, even though the flux varies significantly. The cause of this behavior is
investigated in section 5.3.1 as well.
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Figure 5.16: Influence of the pressure on the measured IFEDF of a 100 W argon plasma with a disabled
secondary electron suppression grid. Decreasing the pressure increases the ion flux, but the effect on
the secondary electron peak is inconsistent. Labeled: area in which the secondary electron peak
appears.

Finally, the position of the secondary electron peak is investigated. The expectations set
by both previous literature [17] and the simulations predict that the secondary electron peak
should be seen at a discriminator potential slightly below the collector potential. However,
all of the results above have the secondary electron peak near the origin, even though a
potential of −60 V was applied to the collector. For the results in figure 5.17, the potential
applied to the collector is varied. The position of the secondary electron peak does not vary
significantly when the collector potential is changed. This behavior is shared by all other
gases that were used.
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Figure 5.17: Comparison of the effects potential of the collector on the measured IFEDF when the sec-
ondary electron suppression grid is disabled. Contrary to expectations, the position of the secondary
electron peak is not affected by the collector potential. Measurements performed at 15 mTorr using a
100 W argon plasma. Labeled: area in which the secondary electron peak appears.

Other than the collector, the potential of the fourth grid can also be varied. Figure 5.18
shows the results of measurements performed for the same plasma condition as figure 5.17.
In these measurements, the potential of the fourth grid was varied instead of that of the
collector. These results show that the potential applied to the fourth grid directly affects the
position of the secondary electron peak.
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Figure 5.18: Comparison of the influence of the potential of the secondary electron suppression grid
on the measured IFEDF of an argon plasma. Instead of the collector potential, the potential of the
secondary electron suppression grid appears to determine the position of the secondary electron
peak. Measurements performed at 15 mTorr using a 100 W argon plasma.

The result from figures 5.17 and 5.18 raise the suspicion that, contrary to expectations, the
secondary electrons are not being emitted from the collector, but rather from the secondary
electron suppression grid.

Unexpected behavior of the secondary electrons

Several of the results in section 5.3.1 show some unexpected behavior with regards to the
secondary electrons. First, as seen in figure 5.15, the effect of secondary electrons is not
visible for some of the gases that were used, namely hydrogen and oxygen. Furthermore,
in figure 5.16, the intensity of the effect does not seem to depend on the flux of ions to
the probe. Lastly, as seen in figures 5.17 and 5.18, the position of the secondary electron
peak changes depending on the potential of the secondary electron suppression grid, instead
of the potential of the collector. In this section, these unexpected phenomenon are further
investigated.
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Figure 5.19: Comparison of the measured IFEDF a 100 W plasma at multiple pressures for H2 and
O2 with the secondary electron suppression grid disabled. All measured plasma conditions lack the
presence of the secondary electron peak. Labeled: area in which the secondary electron peak appears.

In order to further investigate the lack of a secondary electron peak for hydrogen and
oxygen, the hydrogen and oxygen measurements from figure 5.15 are repeated at varying
pressures. The results from these measurements are shown in figure 5.19. However, none of
these results show the secondary electron peak.

A possible explanation for the lack of a secondary electron peak for hydrogen and oxygen
could be that the secondary electrons are not emitted from the impact of ions, but from the
absorption of high energy photons. This would explain the lack of a secondary electron peak
for certain gases, since different gases emit different wavelengths of radiation. Additionally,
it would also explain the fact that the intensity of the secondary electron peak does not seem
to depend on the ion flux.

In order to investigate this possibility, the influence of the ions must be separated from
that of the photons. For this purpose, UV transmitting windows are used. These windows
allow the transmission of photons with a specific range of wavelengths, but do not transmit
any ions. The range of wavelengths which each filter transmits can be seen in appendix B.
Figure 5.20 shows the results of measurements of an argon plasma where a variety of filters
were placed on the RFEA. If any of the transmitted photons were causing the emission of
secondary electrons, the resulting measurement would still show a negative peak. However,
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this peak appears in none of the measurements that included a filter, which indicates that
none of the transmitted photons are causing the emission of secondary electrons.

According to literature, magnesium fluoride transmits photons with lowest wavelength
among the window materials used in the results. Magnesium fluoride is expected be able to
transmit photons with a wavelength as low as 110 nm [35]. However, transmission measure-
ments performed on the employed MgF2 windows show a significant difference compared
to the literature result. The large deviation, combined with the fact that the spectroscopic
ellipsometer is not able to measure the transmission of wavelengths below 200 nm makes
the real value of the lower transmission limit of the MgF2 window unclear.

Among the other employed window materials, calcium fluoride has the next lowest
transmission limit. From its manufacturer, this window is stated to transmit wavelengths
down to 180 nm [36]. Unlike the MgF2 window, transmission measurements performed on
this window show a similar profile compared to the literature expectation. Therefore, it
can be concluded that photons with a wavelength above 180 nm are not responsible for the
emission of secondary electrons.

Figure 5.20: Comparison of IFEDF measurements with a variety of UV transmitting windows placed
on top of the probe. These measurements used a 100 W argon plasma at 15 mTorr and a disabled
secondary electron suppression grid. Only the case where no filter was used shows any peaks in the
measured IFEDF, indicating that UV photons with a wavelength greater than 130 nm are not a source
of secondary electrons. Labeled: area in which the secondary electron peak appears.
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The last unusual behavior of the secondary electrons concerns the position of the neg-
ative peak associated with the secondary electrons. From both the literature and the per-
formed simulations, it was expected that the position of the secondary electron peak should
depend on the potential applied to the collector. However, as seen in figure 5.18, its position
is instead determined by the potential applied to the secondary electron suppression grid
(grid 4). In order to understand the cause behind this influence, some of the originally made
assumptions must be reexamined.

Initially, it was assumed that the secondary electrons are primarily emitted from the col-
lector. However, the observation can be explained if it is assumed that the secondary elec-
trons are also emitted from the secondary electron suppression grid. If a secondary electron
is created at the secondary electron suppression grid, there are three possible options. The
electron can either reach the collector, escape the probe or collide with one of the grids. If it
reaches the collector, the measured current is decreased. Otherwise, the measured current is
unaffected.

When the potential of the discriminator is below the potential of the secondary electron
suppression grid, the discriminator grid will reflect secondary electrons emitted by the sec-
ondary electron suppression grid. This causes them to reach the collector, reducing the mea-
sured current. As the potential of the discriminator grid increases during a measurement,
it eventually surpasses the constant potential of the secondary electron suppression grid.
At that point, the secondary electrons are no longer reflected by the discriminator, meaning
they will no longer reach the collector. As a result, the measured current will increase. Af-
ter equation 2.4 is applied, the increase in the current corresponds to the observed negative
peak.
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5.3.2 Neutral ionization

The effect of the ionization of neutral species is investigated in a way similar to that of the
secondary electrons. From literature [17] and the performed simulations, this effect is ex-
pected to be visible when no potential is applied to the second grid, in which case it appears
as an increasing current for higher values of the ion energy. The increasing current is then
expected to show as a negative measured IFEDF for higher values of the ion energy. Figure
5.14 shows the results of measurements where multiple possible combinations of the grids
are grounded. However, none of these results have a visible difference for ion energies above
50 eV. In order to see a difference, the measured current is examined in figure 5.21.

Figure 5.21: Comparison of the last part of the current profiles of the measurements from figure 5.14
as well as a linear fit of the current in this region. Both electron suppression grids must be disabled in
order to see the effect of neutral ionization. Inside the figure, a schematic representation of the RFEA
is shown to clarify which grids are grounded.

Figure 5.21 shows the measured current associated with the results from figure 5.14 along
with a linear fit of the current in this region. The slope of these linear fits is displayed on the
right side of the figure. For all measurements, the current in this region shows a linear
increase with respect to the ion energy. Since the increasing current is also seen when the
default potentials are applied to the grids, the increasing current for this setting of the RFEA
is considered to be a unrelated to the ionization of neutrals. When the second grid (and
the collector) are grounded, the slope of the current does not increase. However, when the
fourth grid is grounded as well, the effect can be seen. The slope of a linear fit can then be
used to gage the intensity of the effect.
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Since the effect is only seen when both grids are grounded, the rest of the measurements
in this section will have both of these grids grounded as well. Additionally, in order to see
the effect, the results of these measurements are displayed by showing the measured current
in the region where it behaves linearly. Then, a linear fit of the current in this region is
overlaid on top of the results and the slope of this fit is displayed to the right of the figure.
The value of this slope indicates the intensity of the effect of the ionization of neutrals. For
this reason, it will be referred to as the intensity of the ionization.

Figure 5.22: Examples of measurements performed in the FlexAL2 reactor using the 3-grid RFEA that
show the effect of neutral ionization. The last section of the measured current is shown, including the
slope of the linear fit of the current in this region. Measurements done using a 600 W ICP power at 9
mTorr.

Similar to that of the secondary electrons, the intensity of the effect of neutral ionization
depends on the employed gas. Figure 5.23 displays these result for the gases available in
ALD III, which were measured using the 4-grid probe. Additionally, the results obtained in
the FlexAL 2 reactor using the 3-grid probe are displayed in figure 5.22.
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Figure 5.23: Comparison of the last part of the current profiles of measurements performed with the
plasma electron suppression grid disabled, including the slope of the linear fit of the current in this
region. The probability of the occurrence of an ionization of a neutral species in the RFEA depends
significantly on the employed gas. Measurements performed at 15 mTorr using 100 W of ICP power.

Without further information, the intensity of the ionization in argon, nitrogen and hydro-
gen would seem similar. However, when these intensities are compared to the electron flux
at the surface, a different result is obtained. It is necessary to take the flux of electrons into
consideration because the electrons are the cause of the ionizations. If two gases have the
same intensity of the ionization but different electron fluxes, the gas with the lower electron
flux is more susceptible to ionization by an electron.

For this reason, the susceptibility towards ionization is defined here as the ratio of the
intensity of the ionization divided by the electron flux. Since the total flux of charge towards
the surface must be zero, the flux of electrons is equal to the flux of ions, which can be
measured by the RFEA. Table 5.1 shows the ion flux, the intensity of the ionization and the
susceptibility for ionization for each of the measurements in figure 5.23. From the results in
table 5.1 it can be seen that nitrogen is significantly more susceptible to ionization compared
to the other gases. On the other hand, oxygen has a much lower susceptibility. This result
is unexpected, since the electron impact ionization cross-sections of nitrogen is only around
20% higher than that of oxygen [37].
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Ion flux (A m−2) Ionization intensity A V−1 Susceptibility (m2 V−1)

Argon 0.29 4.6× 10−11 1.5× 10−10

Hydrogen 0.52 5.7× 10−11 1.1× 10−10

Nitrogen 0.11 6.0× 10−11 5.3× 10−10

Oxygen 0.22 7.0× 10−12 3.1× 10−11

Table 5.1: Comparison between the measured ion flux and the intensity of the observed effect of the
ionization of neutral species for the available gases. Measurements performed at 15 mTorr.

The pressure at which a measurement is done has a more complex influence on the in-
tensity of the ionization. On one hand, a lower pressure leads to a higher flux of ions as seen
in figure 5.10. On the the other hand, the lower concentration of neutral species means that a
single electron in the probe is less likely to cause an ionization. These effects counteract each
other, making the eventual result unpredictable. Figure 5.24 shows that the intensity of the
effect is strongest at a pressure of 15 mTorr.

Figure 5.24: Comparison of the last part of the measured current profiles for 100 W argon plasmas
with varying pressure. Including the slope of the linear fit of the current in this region. The probabil-
ity of the occurrence of an ionization of a neutral species in the RFEA depends on the pressure of the
employed gas. At 7.5 mTorr, the current does not show a linear trend in the first part of the figure.
For this reason, a second fit of the last part of current at 7.5 mTorr is shown in a dashed line.
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Chapter 6

Conclusions and outlook

In the final chapter of this work, the research questions posed in the introduction are reiter-
ated and answered. Also, an outlook is given which presents some opportunities for future
investigations that could be done based on the work that was presented.

6.1 Conclusions

As described in the introduction, this work aims to answer several questions regarding the
operation of the RFEA. In this section, these questions will be answered using the informa-
tion gained throughout this work, starting with the sub-questions posed in section 1.2 and
followed by the main question:

How do effects such as secondary electrons and the ionization of neutrals affect the IFEDFs mea-
sured by an RFEA?
By grounding specific grids of the RFEA, both of these effects can be induced intentionally.
In this case, secondary electrons show up as a negative peak in the IFEDF for negative val-
ues of the ion energy, while the ionization of neutrals can be seen through an increasing ion
current on the right side of the measured distribution. The effects observed in experiments
and simulations are similar to one another, with a few exceptions.

Although the effects of secondary electrons and the ionization of neutrals cause major
distortions in obtained measurements, they are mostly visible in regions which are outside
of the relevant results. As a consequence, they can be accounted for by simply ignoring
the regions in which they occur, since ions in these regions do not correspond to physically
possible ions.

What is the influence of the potentials and geometry of the grids in an RFEA on the measured
IFEDFs?
In addition to the effects described above, various aspects of the grid configuration can also
affect the results of measurements. For example, the geometric arrangement of the grids,
combined with the effect of ion lensing can lead to distortions in the form of "shoulders"
in the observed IFEDFs. Additionally, other aspects of a probe can also lead to additional
broadening of measured distributions, reducing the energy resolution of a probe.

Since these effects distort the shape of the relevant part of a measured IFEDF, their in-
fluence can not easily be removed, in contrast to the effects described above. However, this
work proposes and demonstrates a method to negate these effects, which is described in
section 5.1.3.
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How can the ion flux be accurately measured using an RFEA?
The accuracy of an ion flux measurement was shown to depend significantly on the internal
geometry of the RFEA probe. Using simulations, it was deduced that for probes which use
an aligned grid geometry, the observed ion flux varies depending on the energy of the ions
that were used. For probes using the unaligned geometry, the observed variation is much
smaller in magnitude. making this geometry better for accurate ion flux measurements.

How can simulations improve the accuracy of measurements done with an RFEA?
Using the reconstruction algorithm, the results of an RFEA measurement can be recon-
structed with a higher degree of accuracy compared to the initial measurement. In this way,
the distortions caused by the grid configuration are accounted for and reduced. The method
requires extensive knowledge of the transmission of the RFEA probe at various values of the
discriminator potential and at various ion energies. This knowledge was obtained for one of
the simulation configurations and applied successfully.

Using the answers to the previously described sub-questions, the main question can be an-
swered as well:
What factors affect the accuracy of RFEA ion energy and flux measurements and how can these fac-
tors be accounted for?
Throughout this work, several factors were found that influence the measurements obtained
using an RFEA. Some of these factors, such as the effects of secondary electrons and the
ionization of neutrals, affect measurements in ways that are easily removed. As such, these
effects do not influence the accuracy of measurements.

Other factors, such as the potentials of the RFEA grids and their geometry, have a more
subtle impact. These factors are able to change the shape of the measured IFEDF and mea-
sured ion flux. Therefore, these factors do reduce the accuracy of the performed measure-
ments. Using the reconstruction algorithm, this accuracy can be improved.
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6.2 Outlook

Of the results in this work, there are two topics which could not be investigated to their
fullest extend. The first of these topics is the application of RF biasing. In particular, the
influence of biasing on the effects of secondary electrons and the ionization of neutral species
were not able to be investigated in this work. Future research could seek to investigate this
influence.

The topic that lends itself the most to being further investigated is the reconstruction
of an IFEDF through gradient descent. In particular, future research could seek to apply the
method to results that were obtained experimentally. In order to do this, the full transmission
profile of a real RFEA probe would need to be determined. Two possible ways in which this
might be done are described below.

The first of these methods is derived from the procedure described in section 5.1.3. Using
simulations, the value of the transmission function can be obtained for each combination of
ion energy Ei and discriminator potential Vd. In order to obtain a sufficiently accurate simu-
lation of a real RFEA probe, a detailed knowledge of the interior of the probe is necessary.

Figure 6.1: Slice of an x-ray tomography scan of the 3-grid RFEA probe. The slice intersects with one
of the grids of the RFEA, whose structure can be seen in the enlarged section. The visibility of the
grid makes it possible to deduce the structure of that grid. Other scans on the same probe show the
presence of the remaining grids, but these are not are not clear enough to make their structure visible.

One way by which such knowledge could be obtained is through a 3D scan of the internal
geometry of a probe. In order to see whether this is possible, an X-ray tomography scan was
performed on the 3-grid RFEA. The result is displayed in figure 6.1, which shows a single
slice of the performed scan. This slice shows the arrangement of one of the grids of the
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scanned probe. Other slices show the presence of the other grids. However, the limited
resolution of the measurement and interference from the metal enclosure of the probe make
the other grids indiscernible. Nevertheless, the result shows that this method can potentially
be used to build a model of the internal structure of an RFEA probe.

Alternatively, an experimental method could be used to determine the transmission.
Such a method could use the following procedure:

• First, an RFEA measurement is performed on a mono-energetic IFEDF with ion energy
Em, which can be represented as f (Ei) = Γiδ(Ei − Em).

• From this measurement, the current profile Im(Vd) is recorded.

• Using equation 4.8, the measured current can be related to the transmission of the
RFEA:

Im(Vd) = eA
∞∫

0

f (Ei)T(Vd, Ei)dEi (6.1)

Im(Vd) = eA
∞∫

0

Γiδ(Ei − Em)T(Vd, Ei)dEi (6.2)

Im(Vd) = eAΓiT(Vd, Em) (6.3)

Therefore, a single measurement on a mono-energetic IFEDF represents a slice of the
transmission function.

• By repeating the steps above for varying Ei, the entire transmission function can be
determined.

The execution of this procedure relies on the use of a mono-energetic IFEDF. Using an ion
gun, an approximation of such an IFEDF could be created. However, a true mono-energetic
IFEDF cannot really exist. SO even an ion gun will have some spread in its ion energy. If this
method were to be applied, the accuracy of the result would depend on the actual width of
the IFEDF which was used.

Either of the two methods can be used to obtain the ion transmission function. Then,
when the ion transmission is obtained, it can be used in the reconstruction algorithm. If
applied successfully, the accuracy of IFEDF measurements can be increased.
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Appendix A

Solving linear matrix equations

In this appendix, supplementary information regarding the employed methods for solving
linear matrix equations is given. Afterwards, the applications for which these methods were
used are explained.

A.1 Solution methods

In this section, some methods by which linear matrix equations can be solved are described.
The general form of a linear matrix equation is:

Ax = b, (A.1)

where A is a matrix and x, b are vectors. Usually, this equation can be solved using the
inverse matrix A−1 like:

x = A−1b.

However, this approach has problems in both of the applications in this work. For instance,
the size of the employed matrix may be too large to feasibly calculate its inverse. In one of
the applications, the amount of values needed to fully represent A−1 would be on the order
of several trillion elements, which no current computer can handle. For both applications,
only an approximation of the solution is obtained.

For IBSIMU, the algorithm used to approximately solve this linear equation is the bi-
conjugate gradient stabilized method, abbreviated as BiCGSTAB. In essence, this is a more
complex version of the gradient descent algorithm. In this part of the appendix, these two
methods are described in increasing order of complexity. Using two intermediate algo-
rithms, the conjugate gradient and bi-conjugate gradient method, as stepping stones.

A.1.1 Gradient descent

Rather than solving equation (A.1) directly, gradient descent instead attempts to solve it by
finding the minimum of the following function:

f (x) =
1
2

xT Ax− xTb, (A.2)
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where A is symmetric. At its minimum, the gradient of this function is zero. Therefore, the
minimum can be found by determining the gradient and setting it to zero. Combined with
the fact that AT = A, this results in:

∇ f (x) =


δ

δx1
f (x)

δ
δx2

f (x)
...

δ
δxn

f (x)

 = 0

=
1
2

ATx +
1
2

Ax− b = 0

= Ax− b = 0
Ax = b,

which is the original equation that we are attempting to solve. As the name implies, gradient
descent uses the gradient to descend to lower values of f (x), eventually approaching the
minimum. The algorithm uses the following steps:

• Choose an initial guess for the minimizer of f (x), call this x0.

• Calculate the negative gradient of f (x) at x0 and call it r0. This is equal to:

r0 = ∇ f (x)|x0 = b− Ax0.

• Find the next iteration x1 by adding some scalar multiple of r0 to x0:

x1 = x0 + α0r0,

choosing α0 such that it results in the lowest value of f (x).

g(α0) = f (x0 + α0r0)

g′(α0) =
δ f (x0 + α0r0)

δα0
= 0

=
δ

δα0

(
1
2
(x0 + α0r0)

T A(x0 + α0r0)− (x0 + α0r0)
Tb
)

=
δ

δα0

(
1
2
(xT

0 + α0rT
0 )(Ax0 + α0Ar0)− xT

0 b− α0rT
0 b
)

=
δ

δα0

(
1
2

xT
0 Ax0 +

1
2

α0rT
0 Ax0 +

1
2

α2
0rT

0 Ar0 +
1
2

α0xT
0 Ar0 − xT

0 b− α0rT
0 b
)

=
1
2

rT
0 Ax0 + α0rT

0 Ar0 +
1
2

xT
0 Ar0 − rT

0 b

Due to the symmetry of A, rT
0 Ax0 = xT

0 Ar0, which makes it possible to simplify this
into:

0 = rT
0 Ax0 + α0rT

0 Ar0 − rT
0 b

α0rT
0 Ar0 = rT

0 b− rT
0 Ax0

α0 =
rT

0 b− rT
0 Ax0

rT
0 Ar0
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• This can be continued according to:

ri = b− Axi

xi+1 = xi +
rT

i b− rT
i Axi

rT
i Ari

ri.

Until the result is close enough to the desired minimum.

Although gradient descent will always eventually approach a local minimum, it may take
several steps to reach it. The cause for this can be seen by realizing that each subsequent ri
is always perpendicular to the previous. Meaning that the solution will zig-zag towards the
minimum rather than moving there directly.

A.1.2 Conjugate gradient method

The conjugate gradient method is another algorithm for solving the linear equation Ax = b
which can only be used in the case that the matrix A is symmetric. The method relies on the
notion of conjugate vectors, which are defined as follows: Two vectors u and v are conjugate
with respect to the matrix A if and only if uT Av = 0. Because of the symmetry of A, another
way of defining this is in terms of an inner product:

〈u, v〉A ≡ uT Av. (A.3)

Then, two vectors are conjugate if they are orthogonal with respect to this inner product.
Because of their orthogonality, a set of n conjugate vectors will span the space Rn, where

n is the length of x. If we have such a set p = {p1...pn}, we can describe the solution to the
equation in terms of these vectors:

x =
n

∑
i=1

αi pi (A.4)

Finding the values of the coefficients is fairly straightforward. In order to find the k-th coef-
ficient αk, both sides are first multiplied by A and then by the transpose of the k-th conjugate
vector pk, giving:

Ax =
n

∑
i=1

αi Api

pT
k Ax =

n

∑
i=1

αi pT
k Api

In the last equation, we can recognize Ax as being the left part of the original equation and
pT

k Api as an example of the inner product defined in equation (A.3), this gives:

pT
k b =

n

∑
i=1

αi〈pk, pi〉A

Since all vectors in P are conjugate, the inner product 〈pk, pi〉A will only be non-zero if i = k,
thus only one term of the sum will remain:

〈pkb〉 = αk〈pk, pk〉A (A.5)

αk =
〈pk, b〉
〈pk, pk〉A

(A.6)
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With this, the problem has been reduced to finding n conjugate vectors. However, if n is
large enough, this may still be unfeasible. Therefore, we would like to choose our vectors
carefully such that only the first few of them have a significant influence and the rest do not.
This can be done with an iterative approach, which consists of the following steps:

• Choose an initial guess x1 for the solution. x1 is meant to be the solution to Ax = b or
Ax− b = 0, so we can gage how close it is to the solution by calculating the residual
r1 = Ax1 − b.

• Choose p1 to be equal to r1. Since this is the first vector in P there is no need to worry
about it being conjugate to the rest of the vectors.

• Begin iterating:

– Adjust xi by the newly created vector to get xi+1 = xi + αiPi. Choosing αi in the
same way as in equation (A.6).

αi =
〈pi, b〉
〈pi, pi〉A

– Calculate the next residual ri+1 = b− Axi+1

– The next conjugate vector is found by taking the residual and removing all com-
ponents of previous conjugate vectors:

pi+1 = ri+1 −
i

∑
k=1

βi,k pk

Where βi,k is the component of pk in ri+1.

βi,k =
〈pk, ri+1〉A
〈pk, pk〉A

– Repeat until the residual becomes small enough.

A.1.3 Bi-conjugate gradient and bi-conjugate gradient stabilized method

The previously described conjugate gradient method relies on the symmetry of A in order
to work. However, the matrix which is used for the electrostatic potential calculation is not
symmetric. This means that the product uT Av is not necessarily equal to vT Au, which means
the necessary inner product cannot be defined. To get around this, the bi-conjugate gradi-
ent method essentially performs the previously explained conjugate gradient method twice,
once with the original matrix A and once with it’s transpose AT. The two calculations are
then combined when calculating the scalars α and β. A full explanation of the bi-conjugate
gradient method is given in reference [38].

By itself, the bi-conjugate gradient method is not numerically stable [39], which would
make it unsuitable for calculating the electrostatic potential. The bi-conjugate stabilized gra-
dient method is one of the most common solutions to this problem, and is the solution that
is used for the simulations in this report. This method is further explained in reference [40].
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A.2 Applications

In this section, the applications for the methods described in section A.1 are detailed. The
first of these applications is used to obtain the electric potential in the simulated probe using
a matrix equation that represents the discretized Poisson equation. The second application
is used to reconstruct the IFEDF from the measured current.

A.2.1 Calculating the electrostatic potential field

Figure A.1: Visual representation of the model of the electrostatic potential used in the simulations.
The boundary conditions shown are just examples of possible boundary conditions that can be cho-
sen. Additionally, the figure only shows 2 dimensions of the regime, whereas the real simulation will
be done in three dimensions.

As stated in section 4.1.1, the simulation determines the electrostatic potential by solving
Poisson’s equation for the simulation regime. However, it is not possible to solve this equa-
tion analytically for a complexly shaped regime. Therefore, in order to obtain an approxi-
mate solution, the domain is split into several elements, each of which has a single potential.
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Each element has a cubical shape, which makes it possible to only consider the 6 nearest
neighbors of each element in the calculation. This process is seen for a two dimensional
simulation regime in figure A.1. The new discrete Poisson’s equation is shown below:

∇2V =
δ2V
δx2 +

δ2V
δy2 +

δ2V
δz2 =

−ρ

ε0

=
V(r + dxx̂)− 2V(r) + V(r− dxx̂)

dx2

+
V(r + dyŷ)− 2V(r) + V(r− dyŷ)

dy2

+
V(r + dzẑ)− 2V(r) + V(r− dzẑ)

dz2 . (A.7)

Where dx, dy and dz are the discretization step sizes in the x, y and z directions respectively.
If all of these are chosen to be equal, this can be simplified into:

∇2V =
V(r + hx̂) + V(r + hŷ) + V(r + hẑ)− 6V(r) + V(r− hx̂) + V(r− hŷ) + V(r− hẑ)

h2 =
−ρ

ε0
(A.8)

Where h is the step size in all three directions. In this way, the simulation region is separated
into several square elements of size h. Using equation (A.8), it is now possible to set up
an equation for the potential of each element. For example, the fifth element in figure A.1
would be described in the following way:

∇2V5 =
V6 + V2 − 4V5 + V4 + V8

h2 =
−ρ5

ε0

V6 + V2 − 4V5 + V4 + V8 = −h2 ρ5

ε0

For elements near Dirichlet boundaries, the potential of that boundary can be inserted in
place of the potential of the adjacent elements. For example, the first element in figure A.1
would be described in the following way:

∇2V1 =
V2 + Vtop − 4V1 + Vle f t + V4

h2 =
−ρ1

ε0

V2 − 4V1 + V4 = −h2 ρ1

ε0
−Vtop −Vle f t

Finally, for elements adjacent to Neumann boundaries, the process is somewhat more dif-
ficult since the first derivative of the electric potential does not directly appear in equation
(A.8). This problem can be circumvented by using a finite difference approximation for the
first derivative. Depending on the orientation of the boundary, the derivative of the potential
becomes:

δV(r)
δn̂

=
V(r + hn̂)−V(r)

h
(A.9)

Where n̂ is the normal of the boundary surface. This expression can be found within equa-
tion (4.2), which makes it possible to fill in this equation for elements that border a Neu-
mann boundary condition. For example, the ninth element element in figure A.1 would be
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described in the following way:

∇2V9 =
V(r + hx̂) + V(r + hŷ)− 4V9 + V8 + V6

h2 =
−ρ9

ε0

=
(V(r + hx̂)−V9) + (V(r + hŷ)−V9)− 2V9 + V8 + V6

h2

=
hEx,right + hEy,bottom − 2V9 + V8 + V6

h2

− 2V9 + V8 + V6 = −h2 ρ9

ε0
− h(Ex,right + Ey,bottom)

By applying the boundary conditions to all elements in the simulation regime, the full set of
linear equations can be obtained. This set of linear equations can subsequently be converted
into a matrix equation. For the example shown in figure A.1, this results in the following
matrix equation:

−4 1 0 1 0 0 0 0 0
1 −4 1 0 1 0 0 0 0
0 1 −3 1 0 1 0 0 0
1 0 1 −4 0 0 1 0 0
0 1 0 1 −4 1 0 1 0
0 0 1 0 1 −3 1 0 1
0 0 0 1 0 1 −3 1 0
0 0 0 0 1 0 1 −3 1
0 0 0 0 0 1 0 1 −2





V1
V2
V3
V4
V5
V6
V7
V8
V9


=
−h2

ε0



ρ1
ρ2
ρ3
ρ4
ρ5
ρ6
ρ7
ρ8
ρ9


− h



0
0

Ex,right
0
0

Ex,right
Ey,bottom
Ey,bottom

Ex,right + Ey,bottom


−



Vtop + Vle f t
Vtop
Vtop
Vle f t

0
0

Vle f t
0
0


Since the entire left part of this equation consists of constant expressions, this part can be

replaced by a single vector. Reducing the equation to the following linear matrix equation:

Ax = b. (A.10)

Where each of the symbols in this equation are defined as:

A =



−4 1 0 1 0 0 0 0 0
1 −4 1 0 1 0 0 0 0
0 1 −3 1 0 1 0 0 0
1 0 1 −4 0 0 1 0 0
0 1 0 1 −4 1 0 1 0
0 0 1 0 1 −3 1 0 1
0 0 0 1 0 1 −3 1 0
0 0 0 0 1 0 1 −3 1
0 0 0 0 0 1 0 1 −2


, x =



V1
V2
V3
V4
V5
V6
V7
V8
V9


,

b =
−h2

ε0



ρ1
ρ2
ρ3
ρ4
ρ5
ρ6
ρ7
ρ8
ρ9


− h



0
0

Ex,right
0
0

Ex,right
Ey,bottom
Ey,bottom

Ex,right + Ey,bottom


−



Vtop + Vle f t
Vtop
Vtop
Vle f t

0
0

Vle f t
0
0


.
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A.2.2 Recovering the IFEDF

The purpose of recovering the IFEDF poses a different requirement compared to the previous
application. Rather than solving a linear matrix equation, the desired result is the minimiza-
tion of a function. Gradient descent, as described in section A.1.1, also works by minimizing
a function. In order to use gradient descent to minimize the error function Error( f ), which
is described in section 4.1.5, it must be rewritten into the same structure as used in section
A.1.1. This structure takes the form of a quadratic matrix function f (x) = 1

2 xT Ax− xTb (as
seen in equation (A.2)). In order to do this, the expression for Error( f ) is first expanded to
remove the parentheses:

Error( f ) = (T f − Ii,meas)
T(T f − Ii,meas)

= ( f TTT − IT
i,meas)(T f − Ii,meas)

= f TTTT f − IT
i,measT f − f TTT Ii,meas + IT

i,meas Ii,meas

= f TTTT f − (IT
i,measT f )T − f TTT Ii,meas + IT

i,meas Ii,meas

= f TTTT f − ( f TTT Ii,meas)− f TTT Ii, meas + IT
i,meas Ii,meas

= f TTTT f − 2 f TTT Ii,meas + IT
i,meas Ii,meas

Next, the term IT
meas Imeas can be removed from the error function, since constant terms can

ignored for the purpose of the minimization. The final step towards an equation with the
same form as (A.2) is to divide the remaining expression by two. This leaves the adjusted
error function Error′( f ) = 1

2 f TTTT f − f TTT Imeas. Which is of the same form as equation
(A.2), where A = TTT and b = TT Imeas. In order to do the minimization using gradient
descent, the matrix A is required to be symmetric. In general, a matrix is symmetric if it is
equal to its own transverse. For the A defined above, this condition can be shown to hold in
the following way:

AT = (TTT)T

= (T)T(TT)T

= TTT
= A.
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Transmission profiles of UV windows

Some of the results in chapter 5 employed the use of an UV window to block some of the
radiation that reaches the RFEA probe. In order to see exactly which wavelengths of radia-
tion are blocked by these probes, their transmission spectra are measured. The setup used to
perform these measurements is a spectroscopic ellipsometer. This device is normally used to
measure the properties of thin films of material, but can also be used for this purpose. Figure
B.1 shows the setup of the employed spectroscopic ellipsometer,

Figure B.1: Image of spectroscopic ellipsometer used for determining transmission profiles of UV
windows.

The transmission spectra obtained through the spectroscopic ellipsometer can subse-
quently be compared to those observed in literature. Figure B.2 shows these results for all
windows used in chapter 5.
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Figure B.2: Transmission profiles for the windows used in the experiments. Measured profiles shown
in black, literature values shown in red. Top left: Magnesium fluoride window. Top right: Calcium
fluoride window.Bottom left: Quartz window.Bottom right: Potassium bromide window.
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