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Summary

Particle lofting is the effect of a particle being lifted off a surface into the air. In
our case the lofting is done when a plasma is applied over the surface. Recently,
plasma particle lofting has attracted interest as a possible cleaning tool for the high
tech industry. The current understanding of it is, however, poor. There have been
qualitative measurements; plasmas have been observed to pick up dust particles. There
exist, however, no quantitative measurements or satisfying full theoretical explanations.

The situation of a plasma over a surface is well studied and understood. The fast
electrons from the plasma will cause the surface to charge negative compared to the
plasma. This creates an electric field above it, which repels incoming electrons and
accelerates them back to the plasma. Likewise any particle on the surface will also get
charged by the plasma. This will thus result in a charged particle in an electric field,
leading to an electric force. In this thesis we try to quantify this force.

Firstly, we have theoretically investigated the particle charging. The current lack
of knowledge about this is limiting the accuracy of theoretical estimates of the lofting
force. Therefore, we have created a numerical particle simulation to specifically model
the electron and ion currents towards a particle on a substrate. These currents are
highly influenced by the nearby substrate. By balancing them we were able to obtain
a theoretical estimate of the charging of a particle on a substrate in a plasma. This
revealed significant flaws in the approaches that are currently used in literature. This
could result in many orders of magnitude errors in the particle charge, depending on
the conditions.

Additionally, we have measured the charge on the particles experimentally. For
this we have developed a setup based on measuring the particle’s acceleration in
an externally applied electric field. This method has the advantage over the more
traditional Faraday cup, that it can measure the single particle charge for multiple
particles simultaneously. The results showed the importance of the triboelectric effect.
This contact charging was found to lead to higher particle charges, compared to the
plasma charging.
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Lastly, we have directly measured the forces on the particles. For this purpose,
we have built two specialised setups. They both rely on balancing the forces on the
particle, but use different approaches. One setup balances the forces using ultrafast
vibrations. The other setup uses an ultracentrifuge that can spin up to 200 000 rpm,
generating accelerations and forces up to one million times the Earth’s gravitation.
This second setup operates at the boundary of what is mechanically possible. With
both setups we have measured the regular particle adhesion and the effect of the
plasma.

From all results, we can conclude that the plasma causes a force effect on particles
on a surface. We have shown that this effect is not caused by an electric force. It
is much larger than the theoretical electric force calculated for both the theoretical
particle charge and the measured one. Additionally, we show that the characteristics
of the measured force differ from an electric force; e.g. it remains after the electric
field has disappeared.

We expect the plasma effect to be due to a change in adhesion; the plasma reduces
the adhesive force, easing the particle removal. This reduction is possibly caused by
water evaporation, lowering the capillary force. One should, therefore, always keep an
eye on the adhesion when investigating the removal of deposited particles.
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Preface

Approximately four years ago, I was doing a graduation project in the group ‘Ele-
mentary Processes in Gas Discharges’ (EPG) as the finale of my applied physics MSc
education. The project lasted for a year and towards the end my then supervisor, now
co-promotor, approached me. He asked whether I wanted to be a PhD-candidate on
the project ‘Stick to the surface’ for which he had submitted a proposal, that would
soon thereafter be accepted.

I had already known since childhood that I wanted to pursue a PhD. However,
when the opportunity arrives, you pretend to have to think about it. In the end, I
agreed and I started this PhD-project on Friday 15 February 2013.

The project focused on the removal of particles from a surface using an electric
force that was created by a plasma. Approximately one month after starting, I had
read enough on the subject to make an order of magnitude estimate of the electric
force. This showed that the plasma would never ever cause an electric force that could
compete with the adhesion force. This basically answered the main research question.
This, however, was not the end of it, as is evident from this thesis.

A problem with this answer was that there was experimental evidence in literature
that the plasma could actually loft particles. It was, therefore, decided that, in addition
to the analytical solution, the question should also be answered experimentally. There,
thus, began the quest that has resulted in this thesis.

Measuring the electric force seemed easy at first, and it should have been doable
in a couple of months. However, as with most cutting-edge experimental research, it
ended up being very complicated and occupied the full four year PhD-period. People
who know me, know that I generally have a very optimistic attitude; I always try to
see the bright side of things. This optimism is, however, not easy to maintain after
the so-manyth thing has broken down in your experimental setup, and you’re unable
to measure an effect that you beforehand already knew was negligible.

I already, kind of, gave the end result of this thesis away. This does, however, not
mean that there is nothing of interest to read in here; largely about things investigated

7



along the way. This is also apparent from the published articles. A number of papers
have been published, of which the content is part of this thesis. These all revolved
around different side steps and side results that were, partly by accident and partly
on purpose, investigated during the past four years. These are not all directly related
to the main research question, but do all contribute to a better understanding of the
physics surrounding it. Note that this is basically unavoidable when doing research. If
you already know what you’re going to find beforehand, it’s not worth researching.

During the research proposal stage, a number of companies had shown interest in
this research. Of them, ASML was the main interested industrial partner; they also
contributed to the project funding. During the past four years I’ve had contact with
ASML at irregularly organised larger and smaller meetings, mainly through the four
contact persons that I’ve had there. I want to thank everyone who I’ve had contact
with at ASML. It was very interesting to see what you’re all doing and how you’re all
contributing to these incredibly complicated machines.

There have been a great number of people who have helped me during the course
of this work. Without their help, this thesis would be completely different. Firstly,
thanks to all the regular visitors to the weekly EUV/Dust/Streamer-, EUV/Dust-,
ASML-Dust-, Dust-1- or Dust-meeting (or whatever you wanted to call it): a.o. Sander,
Job, Dirk, Ferdi, Ruud, Leroy, Bart, Tijn, Boy and all the BSc- and MSc-students
that joined us for a longer or shorter period. Special thanks to the students that I’ve
supervised and whose results are an indispensable part of this thesis: Arthur, Jasper,
Tristan and Dirk. The experimental work would not have been possible without
support from the technicians from EPG, Ab, Evert, Huib, Pieter and Eddie, as well
as Erwin and Dave from the Equipment and Prototype Center (EPC), who helped
realise the centrifuge experimental setup. Also thanks to Diana for the help with the
PLASIMO simulations and Bart for the SEM-images. Working at a semi-government
organisation would probably be a complete bureaucratic nightmare without the help
of the secretaries of our group: Rina (during the start of my PhD) and Anita (for
the rest of the time). Additional thanks to Ferdi, who has corrected much of my
flood of spelling and language errors (there were plenty), as well as Boy, Jesper, Marc,
Patrick, Samaneh, She and Tijn, who all checked parts of this thesis. Finally, I need to
specially thank my co-promotor, Sander, and promotor, Gerrit, as well as the rest of
the PhD-committee, for their time in reading this thesis and their very useful remarks.

Doing experimental research and coping with the frustrations that come with it
is not possible without breaks of sufficient quality. Therefore, I am forever grateful
to anyone who has ever joined me for a coffee, lunch or other break. Especially the
discussions during the lunch breaks were irreplaceable. I really enjoyed how all diverse
subjects could be discussed at a proper level. For privacy (and other) reasons I shall
not repeat here what has been said, nor who has said it. A number of arguments
made by me during lunch breaks can be found in modified versions in the propositions
accompanying this thesis.

I really appreciate how the EPG group is like a warm community, that socialises not
only during working breaks, but also outside of working hours. I already experienced
this during my graduation project, and it was one of the reasons to do the PhD-project
in this group.

8



During the five years that I’ve been in the EPG group, I’ve stayed in six different
offices. The quality of the offices varied greatly, almost like a sine wave, where the first,
third and fifth office were better than the second, fourth and sixth. With the different
offices came a great number of office-mates (50, if I remember correctly). These also
varied greatly from nice and useful to frustrating and plain annoying.

In summary, I want to thank everyone who has contributed to this work, be it in
helping with the experiments, building the devices, cheering up my day, or simply
supporting in any other way. This preface is too short to explicitly name everyone.
But know that I also want to thank you for your contribution.
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1
Introduction

As the title suggests, the goal of this thesis is to quantify plasma particle lofting. The
word ‘to loft’ is a term used in, amongst others, sports as e.g. golf or basketball. It
describes the action of bringing something, the ball, up into the air. In golf this would
be done by hitting it with a golfclub, in basketball by throwing it. In plasma particle
lofting, a particle is also brought up, away from a surface. This is, however, not done
by a mechanical action, but is thought to be due to an electric force, caused by a
plasma.

This thesis is focused on attaining a quantitative measure of the magnitude of
this lofting action. The research is mainly motivated by the question of whether it
is feasible to use the plasma particle lofting as a cleaning tool for application in the
high-tech industry.

This first, introductory, chapter will be used to pave the road for the rest of this
thesis. It introduces some general theoretical concepts and ideas from literature that
serve as a background for the research in this thesis.
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CHAPTER 1. INTRODUCTION

Section 1.1 starts off with the problem setting. It introduces the particle, as well
as how and why it sticks to the surface. This basic foundation is essential, before we
can even think of measuring any plasma effects. One of the main advices of this thesis
is to never lose track of this important initial condition.

The plasma is introduced in section 1.2. This section gives a far-from-complete
basic overview of plasma properties, with special attention for the aspects that are
important for the lofting. These mainly include its ability to charge macroscopic
objects, such as dust particles and plasma-facing walls.

With these two fundamentals, we direct our attention to the lofting action. Sec-
tion 1.3 contains a short overview of previous research on this topic. This ranges from
the first preliminary studies, that merely demonstrate its existence, to more advanced
studies that try to determine the important plasma properties. This overview will
show that, up to now, there have not been any experimental measurements of the
plasma lofting force’s magnitude.

Section 1.4 broadens the literature overview. It moves away from the plasma
particle lofting and evaluates some cleaning problems and solutions. This is used
to find potential applications of the plasma particle lofting, as well as to determine
its advantages over other, existing or emerging, cleaning techniques. The two most
important application areas are found in the semiconductor industry and in space
exploration.

Finally, section 1.5 will lay out the rest of this thesis. It uses the other sections to
position the present research, and explains its importance.

1.1 Dust particles
Everyone knows dust. Mostly as the annoying stuff that just seems to come into
existence out of nowhere and settles on all your shelves and cupboards. It requires you
to dust off all your ledges once every so many days. While this is cumbersome in your
home, you might imagine that it can be really problematic in specific applications in
e.g. outer space or in the semiconductor industry (see section 1.4.1). These require
specialised cleaning tools, that are more advanced than a common duster or vacuum
cleaner (see section 1.4.2).

In this thesis we will only look at dust on a surface. Before it settles and after it is
cleaned, the dust will generally be airborne. This suspended dust is, however, outside
the scope of this work. Therefore, we will only describe the first step of cleaning:
getting the dust to release from the surface.

The focus on this first step is chosen, because it is generally the most difficult step
in cleaning. This is due to the adhesion between the dust and the surface. A relatively
large cleaning force is required to overcome this adhesive force. Once the particle is
released from the surface, much smaller forces can be used for further removal of the
dust.

The dust used in the presented experiments is not just regular dust. Instead
we primarily use monodisperse spherical particles with diameters of 100 µm (see
section 3.9). These well-defined particles allow for better repeatability than real dust.
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Figure 1.1: Schematic representation of the important forces on a particle (brown)
on a surface (grey) in a plasma (pink). The electric field E, electric force FE and
adhesive force Fadh are indicated (not to scale).

From a cleaning perspective, there are two main important groups of forces on
a particle. One group responsible for sticking the particle to the surface, the other
trying to remove it (see figure 1.1). We shall come to the removal force below, after we
have introduced the plasma. First we introduce the adhesion, that makes the particle
stick to the surface.

1.1.1 Adhesion force
The adhesion between small particles and a surface is mostly due to the Van der
Waals force. This is a combination of intermolecular forces. Appendix A contains
a derivation of the Van der Waals force from the interaction potentials. Its main
conclusion is that we can express the force between a spherical particle, wit radius R,
and a surface a distance D away as

F = AR

6D2 . (1.1)

Here A is the Hamaker constant [39], which depends on the involved materials, but
does not vary much; it is typically ∼ 10−19 J.

This equation is, however, not directly applicable to a practical situation (see
appendix A for details), because it assumes a perfectly smooth sphere and surface.
Any real particle will, however, have dents and roughness, which may lower the Van
der Waals force by orders of magnitude [29]. Therefore, theoretical calculations of the
Van der Waals force on a 1 µm particle may range from 1 µN for an ideal sphere [62]
to 1 pN for one with 10% asperities [29].

There are a number of other possible adhesive forces, besides the Van der Waals
force. One is a Coulomb attraction. This occurs when the particle is charged, due to
e.g. the triboelectric effect. In this thesis we extensively study the charging of the
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particles both theoretically (chapter 2) and experimentally (chapter 4). We find this
effect to be negligible compared to the Van der Waals force, for our conditions.

Another possible adhesive force is the capillary force. This will be present when
there is e.g. water vapour in the system. This may condense in the cavities between the
particle and the surface and cause an additional capillary adhesive force. The magnitude
of this force depends on the humidity of the surroundings and the hydrophilicity of
the surface and the particle. It can be in the same order of magnitude as the Van
der Waals force. We shall further discuss the capillary force and its influence on our
results in section 5.4.

Theoretical calculations of the adhesion are not feasible given the above uncertain-
ties. The adhesive force can, however, be measured for a particular combination of
particles and surface using e.g. a centrifuge or an atomic force microscope [14]. In
section 5.1, this will be done for the surfaces and particles used in the present research
using vibrating surfaces and a centrifuge.

Note that for increasingly large particles the gravitational force becomes increasingly
important. The adhesive force scales linearly with the particle radius, while the
gravitational force scales with the particle mass and thus, assuming uniform mass
density, with the particle radius cubed. Therefore, for large particles, the adhesive
forces will be negligible compared to the gravitational force. For particles of 100 µm
and smaller, as of interest for this thesis, the adhesive forces, however, dominate the
gravitational force [43].

1.2 Plasma
With the basic situation laid out, we direct our attention to the second important
constituent in this research: the plasma. To introduce this, we start with a regular
gas, as everyone knows it. A gas consists of atoms and/or molecules that can freely
move around throughout the gas and have no net charge. These particles consist of an
equal amount of positively charged protons and negatively charged electrons, which
balances out the charge.

A plasma is a type of gas. In a plasma there are, however, not only neutral particles,
but also charged species. These are created from the neutral particles, by removing
an electron, leaving behind a positively charged ion. A plasma thus consists of three
distinct populations of particles: neutrals, electrons and ions.

We need to supply energy to create a plasma. With enough energy the neutral gas
particles can get ionised, i.e. release an electron. In the present work this is done by
applying an alternating electric field (see section 3.5). This electric field will accelerate
electrons. When the electrons have enough speed and collide with an atom, this can
ionise the atom and free an additional electron. Now two electrons will, again, get
accelerated, collide and create more electrons. This avalanche will continue until there
is an equilibrium between the creation and recombination of free electrons. This will
happen when a specific fraction of the neutrals is ionised, depending on a combination
of the energy added to the system through the electric field and the amount that is
lost to, for example, the walls.
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1.2.1 Plasma sheath

In this research we are interested in surfaces near plasmas. As said, a plasma generally
has two charged species: positively charged ions and negatively charged electrons.
Simply said: the electrons are much lighter than the ions and are, therefore, much
faster. This causes the electrons to reach a surface near a plasma first, creating a
negative charge on that surface. This negative charge will, in turn, create an electric
field, which repels the electrons and attracts the ions. When sufficient negative charge
is built up, this leads to an equilibrium between the attracted, slow, ions and the
repelled, fast, electrons reaching the surface. The electric field thus created by the
surface and the resulting region above it where electrons are repelled and ions are
attracted is called the ‘plasma sheath’. This is the most important part of the plasma
for the plasma lofting.

There has been extensive research into the plasma sheath electric field both using
models (e.g. [35, 70, 107]) and experiments (e.g. [7, 22, 87, 120]). For example, Beckers
et al. [7] have determined the electric field near the electrode in a setup, similar to the
one used in this research, by using dust particles in varying gravitational conditions as
diagnostics. They found this electric field to be around −3 · 104 V/m in their setup.

1.2.2 Particle charging

Like the surface described above, particles in a plasma will be charged negatively.
The charging of dust particles in a plasma has been extensively studied and can be
calculated (see section 2.1). This is, however, not as straightforward when the particle
is on a surface like in the present research.

A number of estimates of charge on a particle on a surface in a plasma can be found
in literature. These, however, vary by orders of magnitude from 1 to 106 electron
charges. This range of values is caused by different assumptions made in the derivations.
An often made assumption is that there is a conductive connection between the particle
and the surface. This determines whether the particle shares charge with the surface
or builds up an electric charge of its own. Furthermore it has been hypothesised that
not the mean charge, but the charge fluctuations are important for the lofting [29,
109]. These fluctuations are caused by the impinging of discrete electrons and ions.
Further details on the particle charging mechanism with details on both the mean
charge and the fluctuations can be found in chapter 2.

1.2.3 Other plasma effects

Besides the charging, a plasma will also have other effects on a surface and particles.
The most important one in this context is etching (see section 1.4.2). In this process,
parts of the surface and the particle are removed when they are bombarded with
highly energetic ions. This is also a way to remove the dust. It may, however, also
cause unwanted damage to the surface. Therefore, we shall try to minimise the etching
and remove dust particles as a whole with a plasma-induced electric force.
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1.3 Lofting
Now that we have introduced both the particles and the plasma, we can start using the
plasma to loft the particles. The possibility to lift dust off a surface using a plasma was
already demonstrated by Sheridan et al. [108] in 1992. In their exploratory research a
slowly rotating, electrically floating aluminium sphere is covered with micrometer-sized
dust particles. This setup is chosen to mimic objects in space, be it boulders in Saturn’s
rings or spacecraft in the ionosphere. Both of these can have a dusty surface and can
be exposed to plasma conditions. The test sphere was exposed to a plasma created by
a hot filament source. Dust particles, released from the surface, were detected using
Mie scattering. It was shown that the plasma caused dust to be released from the
surface.

Further research on this has been done by Flanagan and Goree [29]. They in-
vestigated two components in the plasma influencing the surface. Firstly there are
the fast electrons coming directly from the filament, impinging on the surface and
secondly there is a colder electron population originating from the ionisation of the
background gas by these primary electrons. By either using a beam blocker or a
very low background pressure, they found that both these components are necessary
for the dust release. They conclude that the colder background plasma is needed to
create an electric field, while the fast electrons are needed to get enough charge on the
dust particles. When this charge is high enough for the electric force to overcome the
adhesion force, the particles will be lifted and released from the surface.

Wang et al. [122, 125] experimentally investigated the lofting of dust particles
related to lunar dust transport. They found that grains in a heap of dust would move
when a plasma was applied. Some dust grains were transported up onto an insulated
block, meaning that they must have had some vertical motion.

The removal of dust particles due to the presence of a plasma is thought to be
caused by an electric force overcoming the adhesive Van der Waals force. The electric
force is due to the combination of an electric field in the plasma sheath and charge on
the dust.

The lofting force, therefore, should directly depend on the particle charge. This is,
however, not easily determined, as seen above. Therefore, we cannot make an easy
estimate of the lofting force without further knowledge of the particle charge. The
orders of magnitude discrepancy in charge estimates, found above in section 1.2.2,
thus prevents us from quantitatively determining the lofting force and comparing it to
the adhesive force. Therefore, we cannot easily theoretically answer the question of
whether the lofting force is significant and if it will be enough to overcome the particle
adhesion. This clearly limits the feasibility of this method as a cleaning tool.

1.4 Application
Cleaning is the most important commercial application for plasma particle lofting.
The art of cleaning has been around since the dawn of mankind [68, 128]. Since then
it has been greatly improved and nowadays numerous cleaning techniques exist; many
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of these are tailored for specific applications. In this chapter we will first discuss the
most common kinds of contamination and their sources (section 1.4.1). Thereafter
we will look at a number of different cleaning techniques with their pros and cons as
well as their most used applications (section 1.4.2). Once this has been established we
can make a comparison with plasma particle lofting to establish in which application
areas it might be advantageous to apply (section 1.4.3).

1.4.1 Contamination

Basically, contamination can be anything that is unwanted [57]. There are many kinds
of contamination that one can think of to be removed. Examples are particles, thin
films or molecular contamination [58]. Sources of contamination are various. One can,
for example, think of contamination from the atmosphere, like airborne particulates
and gasses; contamination from people, like bacteria, hairs or cosmetics; contamination
from industrial processes, like chemical vapors, chips or lubricants (a more extensive
list of examples can be found in [57]).

Each application has a different cleanliness requirement. One can imagine that
certain machines can cope with more contamination than others. Cleaning requirements
are generally given by a maximum number of particles of specific sizes per surface
area or volume [58]. Different organisations have created standards for contamination
control in their projects (e.g. ESA [133], NASA [134], US department of defence [131]).
Kohli [57] cites and compares a number of these standards in surface cleanliness.
All standards, basically, have a maximum contamination count or mass for particles
in different size ranges. This allowable contamination grade generally increases for
smaller particles. Different allowed quantities may exist for acids, bases, biotoxins,
condensables, corrosives, dopants, organic compounds and oxidants [57], depending on
the specific application. Of these, particle contamination is the most important for
applications of the plasma lofting.

Particle contamination can cause problems in many different fields. One field that
has attracted a lot of academic research is space exploration. Many extraterrestrial
bodies are much more dusty than Earth, because they lack liquid water and, therefore,
clay to which the dust gets stuck [75]. This dust can cause significant problems in
space missions.

Another important application for novel cleaning techniques is in semiconductor
manufacturing. Unlike in space exploration, there are only very few contaminating
particles in the semiconductor industry. However, even single contaminating particles
can cause big problems.

Of course there are many other application areas in which one would want to clean,
such as e.g. microfluidics, where small particles can clog up microchannels used for
e.g. IC (integrated circuits) cooling [97], or drug injection [57]. Also health hazards
may arise from contamination in food and beverages, such as German beers [73], or
micrometer-size aerosol particles [26, 57].
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Semiconductor manufacturing

The world around us is full of integrated circuits, or microchips. These chips generally
consist of a silicon substrate with conducting channels on it. Advances in the production
of these chips has led to a decrease in the size of these features and the separation
between them.

A single contaminating particle on a chip can cause a short circuit or blockage of a
trace [57]. This can only happen if the contamination is of equal size or larger than
the traces or their separation. With the decrease in chip feature size, smaller particles
become problematic. Therefore, modern semiconductor manufacturing devices need
control of particles down to the order of 10 nm in size [57].

To prevent contamination, semiconductor production generally happens in clean-
rooms. However, even an ISO class 1 cleanroom (the most stringent ISO classification)
allows for up to 10 particles of 100 nm per cubic metre [132]. Any production activity
inside the cleanroom can create potentially harmful contamination [57]. Friction and
wear in machinery can create particles due to so-called triboemission [126].

An important step in the production of semiconductors is the illumination in
photolithography machines. Reliable operation of these machines requires adequate
contamination control and the ability to remove dust particles from critical surfaces, like
mirrors and the reticle (mask) [101]. Furthermore, sticking the dust in non-damaging
places, like the outer wall, would help prevent dust from moving to harmful positions.
Modern state-of-the-art lithography tools use extreme ultraviolet (EUV) radiation as
illumination [5, 9]. Due to their high energy, EUV photons will (partly) ionise any
gas they encounter and thus form a plasma [4, 51]. As this EUV induced plasma is
inherently present in any EUV (or smaller wavelength radiation) lithography tool,
understanding the influence of this plasma on dust particles on surfaces is important
for further development of these machines.

Space

Dust is a problem in space missions. Dust mitigation is one of the technical challenges
of current Martian and Lunar missions [2]. Dust causes a number of problems for rovers,
diagnostic equipment and health (see references in [2]). Dust in mechanical components
on e.g. rovers can be a problem [24]. Some equipment even failed after only 75 hours
on the Lunar surface [52]. Also Mars rovers can have reduced efficiencies of their
thermal radiators and solar panels [17]. A 20% decrease in solar panel performance
was found for the Mars rover Spirit [100] in 120 Martian solar days [113]. Space suits
for surface walks, on for example the Moon, can also have problems with cooling or
leakages due to the dust [63].

Dust has been found to adhere strongly to spacecraft on airless bodies, such as
comets [103] or the Moon [2]. Berkebile et al. [10] used a torsion balance [86] to measure
the adhesive force between spacecraft materials and Lunar dust surrogate (synthetic
volcanic glass). They found that the Van der Waals force between two samples can
change by more than an order of magnitude depending on the position on the sample
and the duration of the contact. They also found that the electrostatic adhesive force
can be much higher when space objects are charged by ion and photon impact. Based
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on this, Gaier and Berkebile [32] advise the use of dust mitigation techniques aimed at
reducing the electrostatic adhesion, by either using coatings to reduce the triboelectric
effect or methods to actively remove the charge. Such coatings have been shown to be
effective to ease dust removal in Lunar simulating experiments [33].

Afshar-Mohajer et al. [2] have reviewed different cleaning techniques developed
for Lunar and Martian exploration. They conclude that key factors in the choice of
technique are the dust transport mechanism, energy consumption, environment, type
of surface materials, area of the surface and surface functionality. They advice EDS
(Electrodynamic Dust Shield) for highly sensitive areas, whereas pre-treatment or
mechanical techniques are good enough for other surfaces (see section 1.4.2).

1.4.2 Cleaning techniques
There are many cleaning tools. These range from using a simple wipe, to complicated
schemes with tailored electromagnetic fields. Below we will briefly touch upon a few
of these techniques that will be relevant for our discusion of plasma particle lofting in
section 1.4.3.

Dry cleaning

The use of soap dates back to 2800 BC [68, 128]. Since then numerous chemicals have
been developed to ease cleaning in what is called ‘wet cleaning’.

Opposed to this, also ‘dry cleaning’ has been developed. This does not use
traditional chemistry to remove contamination, but is based on plasma etching, so it
includes plasma chemistry and ion bombardment.

Plasma etching can be used to alter surfaces. This uses high energy ions. Ions in a
plasma will be accelerated towards a surface due to the electric field in the plasma
sheath. Therefore, they can have a high energy when they reach the surface. This
might be enough to break chemical bonds on the surface.

This ion bombardement is often combined with a chemical phase in which specific
molecules are used to bind to the released surface molecules and move them away.
This prevents them from re-attaching to the surface. This way patterns can be created
by etching specific surface sites.

The same process can also be used to etch contamination away. This has, for
example, been demonstrated in cleaning tin from mirrors in EUV machines [49].
Optimal mirror cleaning, however, requires specialised mirror top layers to prevent tin
redepositing, which basically undoes the cleaning.

One of the disadvantages of this cleaning is its material-specific character. One has
to make sure that the particles are etched away, while the underlying and surrounding
clean surface is not damaged.

Fluidal cleaning

A fluid jet of either a liquid or a gas can be used to mitigate dust. It is based on
transferring momentum from the jet to the particles and in that way blowing them
away [98]. With gas jets it is possible to clean most of the contaminating particles in
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the micron size range, leaving less than 10 particles/cm2 [116]. This technique can be
used for terrestrial optical cleaning and in various space application [98, 129].

Gaier et al. [33] noticed that with a gas jet it is easier to remove a large fraction of
a thick layer of dust than it is to remove sparsely distributed dust particles.

Mechanical cleaning

Mechanical methods can be used to remove particles [2]. For example NASA has a
brush in its equipement to clean dust of extravehicular mobility units (EMU) in the
space shuttle cargo bay [31].

Also inertial forces can be used to remove dust using e.g. a rotating or vibrating
surface [119]. Of course, this is limited to surfaces that can be rotated and vibrated
without causing damage. Alternatively, a rotating or vibrating shield can be placed in
front of the surface [119]. This is not very effective at cleaning small particles though,
as the inertial forces scale with the particle mass.

Harrington et al. [41] have combined mechanical techniques with other particle
removal techniques. They found the best results with a brush-blow device, which uses
a mechanical brush to throw particles up from the surface and a fluid jet to move
them away.

Electrostatic/-dynamic cleaning

Afshar-Mohajer et al. [2] advice cleaning techniques based on electric forces for the
cleaning of sensitive surfaces, such as solar panels and optical surfaces, in Lunar
and Martian atmosphere. In recent years, a number of cleaning techniques has been
developed around this core idea. These all essentially use electric fields to move
charged dust particles.

A so-called Electrodynamic Dust Shield (EDS) is being developed for dust mitiga-
tion in extraterrestrial atmospheres [16, 52]. In recent years it has been investigated
by numerous researchers (see [2] and references therein). The basic idea behind it
is a so-called electric curtain. This uses a number of electrodes beneath the surface.
These are excited by an AC-power supply to create a travelling electric field wave that
can move dust particles to the side and off of the surface. This can both be used to
prevent particles from reaching the surface and to remove particles from the surface [11,
112]. An electric curtain based design has also been proposed for dust removal in
fusion reactors [93]. A similar technique has also been developed to transport toner in
printers [56, 85, 102].

Clark et al. [19, 20] have developed a different electrostatic cleaning method for
extraterrestrial applications. They use an electron beam to create a charge on the
dust particles. The Coulomb repulsion and a small external electric field is then used
to remove them from the surface.

Alternative systems have been proposed that use DC electric fields to repel [3]
or collect [1] naturally charged Moon dust before it has reached the surface. The
advantage of this is that smaller forces and, therefore, electric fields are required,
because there are no surface forces that need to be overcome.
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Passive methods

Although not really a cleaning method, surface modification can ease cleaning. This
works by reducing the adhesion of contaminating particles, so they can be removed
more easily using the other cleaning techniques. Gaier et al. [33] have shown that
this can be applied to help mitigate dust contamination on certain Lunar spacecraft.
Dove et al. [27] demonstrate that a pre-treatment using an ion beam can reduce the
adhesion of contaminating particles to a surface. This is explained by a change in the
work function of the surface, leading to lower contact charging of the particles and
thereby a lower electrostatic adhesion. This electrostatic adhesion can dominate the
Van der Waals force in typical Lunar conditions [10, 32]. A reduction of its strength
can, therefore, significantly increase the ease of cleaning.

1.4.3 Plasma particle lofting
Plasma particle lofting is based on the use of an electric force. It is therefore, most
comparable to the electrostatic/-dynamic techniques discussed above in section 1.4.2.
The advantage of the use of a plasma is, however, that it intrinsically charges contami-
nating particles. It does not require inhomogeneous electric fields and polarisation or
external charging. The plasma can both charge the particles and create an electric
field to remove it.

An advantage of this use of electric forces is that it is not material selective, as
e.g. chemical cleaning or plasma etching. For these processes one needs to tailor the
cleaning process to the material of the contamination. This is not necessary for plasma
lofting. The only material influence might be the conductivity.

Also, plasma lofting is potentially not damaging to underlying surface material.
This may be a problem with plasma etching, which may also etch away part of the
surface. Plasma lofting also uses a plasma, but this can be less violent than the
one used for etching, as the process does not depend on ion bombardment of the
contamination.

A disadvantage of plasma particle lofting is that it is particle size dependent.
Therefore, the efficiency of the cleaning will depend on particle size. How this scaling
exactly works, also depends on the adhesion, which also differs with the particle size.

1.5 Layout of the present research
After the above introduction, we arrive at the current research. This builds on the
previous research described above. In those works, the plasma particle lofting has been
demonstrated to exist. Its magnitude has, however, not been determined quantitatively.
Doing this is essential before any cleaning application is feasible. Therefore, this work
focusses on quantitatively measuring the plasma lofting force with different methods,
ranging from numerical to experimental.

We start theoretically in chapter 2. We have already introduced that plasma lofting
is thought to be due to an electric force. It can thus be calculated by multiplying the
plasma sheath electric field and the dust charge. The problem with this calculation
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is the dust charge. Multiple estimates for this can be found in literature, which are
derived using different assumptions and can vary by orders of magnitude. Therefore,
we shall focus on this problem. We will discuss the existing predictions and add one
of our own.

In addition to the theory, we also perform experimental measurements. We have
developed a number of experimental setups, specifically aimed at this problem. These
setups are described in chapter 3. We have two dedicated setups to directly measure
the forces on the particles, as well as one to measure the particle charge. The two force
measurement setups are based on balancing the forces on the particles by applying an
additional probing force. Each of the setups uses a different probing force; one uses a
vibrational, the other a centrifugal force. The charge measurements are performed in
a modified version of the vibration setup. For this, we add an additional electric field,
in which we measure the particle acceleration. This allowed for the measurement of
the individual charge of multiple particles at the same time.

The results of the experimental charge measurements are presented in chapter 4.
This shows, that we not only have plasma charging, but also other charging effects,
such as triboelectric charging.

Chapter 5 provides the results of the force measurements. Both force measurement
setups were used to first experimentally determine the particle adhesion and thereafter
the influence of the plasma. It is found that the adhesive force strongly depends on
the local surface topology. The plasma force was found to be in the same order of
magnitude as the adhesion. A number of measurements were performed to determine
its physical origin.

In the final chapter, chapter 6, we shall use the experimental, numerical and
theoretical results to draw a number of conclusions about the plasma force and discuss
its usability as a cleaning method.
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2
Charge theory

The plasma lofting force depends on the charge on the particle that is being lofted.
When a particle is introduced in a plasma, the plasma will charge it. This charging
and the magnitude of the resulting charge on a particle in a plasma is intensively
studied in the field of dusty plasmas. Various theories have been developed and tested
to determine the particle charge. These are generally based on balancing the ion and

Section 2.4 has been published as L. C. J. Heijmans and S. Nijdam, Dust on a surface in a plasma:
A charge simulation, Physics of Plasmas (2016) [45] and L. C. J. Heijmans and S. Nijdam, Erratum:
“Dust on a surface in a plasma: a charge simulation” [Phys. Plasmas 23, 043703 (2016)], Physics of
Plasmas (2016) [46].

Parts of section 2.6 have been published in L. C. J. Heijmans and S. Nijdam, Triboelectric and
plasma charging of microparticles, Europhysics Letters (2016) [47].

Section 2.7 has been published as L. C. J. Heijmans, F. M. J. H. van de Wetering and S. Nijdam,
Comment on ‘The effect of single-particle charge limits on charge distributions in dusty plasmas’,
Journal of Physics D: Applied Physics (2016) [48].
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electron flux towards the particle (see section 2.1).
These theories are, however, not directly applicable to our situation, where the

particle is not in the plasma, but on a surface in the plasma. This nearby surface
will alter the ion and electron fluxes and therewith the equilibrium particle charge.
This charge can be estimated in several ways, leading to values deviating orders of
magnitude. This is mainly caused by the different assumptions made in the derivations.

An easy derivation assumes that the particle has some electrical connection to the
surface. In this case, the particle will share its charge with the surface. Therefore,
the particle charge can be derived from the surface charge and the electric field (see
section 2.2). The charge on a microparticle obtained this way is typically only a few
electron charges, which is too small to cause any significant lofting force. Therefore, it
has been postulated in literature, that besides this mean charge, there might be much
higher charge fluctuations (see section 2.3).

It is, however, not likely that a particle is electrically connected to the surface,
when the particle is made of a non-conducting material. In this case, the particle will
build up a charge of its own. This charge is such that it receives equal electron and
ion fluxes. This process is modelled in section 2.4. There it is shown that this leads
to an average charge that is orders of magnitude higher than when one assumes an
electrical connection.

Besides the charging by free electrons and ions in a plasma, there are other ways
a particle can get charged. One important one that we will see in the results is
trioelectric charging. This is charging that occurs due to the exchange of electrons
between two contacting solid bodies. It causes the ‘static’ electric shocks when e.g.
you walk with socks over a rug. It can also cause significant charge on insulating
microscopic particles (see section 2.6).

2.1 Floating particles
Above it has been discussed that a surface will accumulate charge in a plasma. Likewise,
a dust particle will be charged in a plasma. This is due to the electrons having a much
higher thermal velocity than the ions. Therefore, these will reach the particle much
faster and more frequently, causing it to charge negatively. A higher negative charge
will then repel electrons. This way, the electron and ion currents will balance, and
eventually a steady charge is reached.

The charge on a particle can be determined analytically using Orbital Motion
Limited (OML) theory [89]. This theory was initially developed for Langmuir probes
and is now widely used to estimate the charge on dust in plasmas. It describes the
charging of a sphere with radius R in a thick collisionless sheath (lmfp,i � λD � R,
with lmfp,i the ion mean free path and λD the Debye length, the typical length over
which a charged is screened in a plasma.).

For a particle with a potential φ < 0 in the bulk of a plasma, the electron and ion
currents to the particle are given by respectively

Ie = −πR2ne0e

√
8kTe
πme

exp
(
eφ

kTe

)
(2.1)
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and
Ii = πR2ni0e

√
8kTi
πmi

(
1− eφ

kTi

)
. (2.2)

Here ne0 and ni0 are the electron and ion density in absence of the particle, e is the
elementary charge, k is Boltzmann’s constant, Te and Ti are the electron and ion
temperature and me and mi are the electron and ion mass.

The charge q on the particle changes by the sum of these two currents per unit
time:

dq
dt = Ie + Ii. (2.3)

In equilibrium this should equal zero. Assuming the electron and ion density are equal
(ne0 = ni0), this leads to

exp
(
eφ

kTe

)
=
√
Time

Temi

(
1− eφ

kTi

)
. (2.4)

This equation shows, that the potential of the particle is independent of its size. It
only depends on the ion and electron temperatures and their masses.

The particle in the plasma can be approximated as a capacitor with the capacitance
of a floating sphere Cp = 4πε0R, with ε0 the vacuum permittivity. Therewith, the
charge q on the particle becomes

q = Cpφ = 4πε0Rφ. (2.5)

By combining this last equation with the potential acquired from equation 2.4, the
charge on the particle can be determined. This charge, thus, increases linearly with
the particle radius.

2.1.1 Sheath
The above derivation assumes the particle is in the bulk of the plasma. It needs to be
adapted when the particle is in the plasma sheath. Firstly, it is no longer valid that
the electron and ion densities are equal. The densities ne0 and ni0 should be taken as
the local electron and ion density in the sheath at the position of the particle, when
no particle is present.

Additionally, it was assumed that the ion and electron movement are dominated
by the thermal velocity vth. However, the ions additionally have a significant directed
velocity ui in the sheath. When the directed velocity is much higher than the thermal
velocity (ui � vth,i), equation 2.2 changes to

Ii = πR2ni0eui

(
1− eφ

miu2
i

)
. (2.6)

In the sheath, both the thermal and the directed velocity are important. For this
case Kanal [54] derived the following expression [8, 127]:

Ii = πR2ni0e

√
8kTi
πmi

f(χ) (2.7)
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with
f(χ) =

√
π

4χ
[(

1 + 1
2χ2 −

eφ

kTiχ2

)
erf (χ) + 1√

πχ
exp

(
−χ2)] (2.8)

and
χ = ui√

2kTi
mi

. (2.9)

It can easily be shown that the limiting cases for respectively low and high directed
velocity compared to the thermal velocity (ui � vth,i and ui � vth,i) are equation 2.2
and 2.6.

2.1.2 Charge fluctuation
In the above discussion, the ion and electron current were taken to be continuous
currents. This is, however, not true; the currents consist of discrete electrons and
ions, which reach the particle at random times. On average this will lead to the mean
charge as discussed above. It will, however, also cause fluctuations in the particle
charge; every time an electron arrives at the particle, its charge will be 1e lower; every
time an ion arrives it will be Ze higher, with Z the charge number of the ion. As
these impacts are a statistical process, random fluctuations will occur.

It can easily be calculated what the chance p per unit time is of either an electron
or an ion absorbtion by dividing the above found currents by their charge [21]:

pe = Ie
−e

(2.10)

and
pi = Ii

Ze
. (2.11)

These equations should be combined with equations 2.1, 2.2 (or 2.7), 2.3 and 2.5
to form a complete model of the particle charge as function of time. Figure 2.1 shows
the results of two numerical simulations of the charge evaluation for particles of two
different sizes. In both figures the charge drops to negative values in the beginning.
This is because the faster electrons will arrive at the particle much earlier than the
slower ions. Hereafter, the charge reaches its equilibrium value, where the currents
from the repelled electrons and the attracted ions balance out on average. It is,
however, obvious that there are random deviations from this average. These are the
discussed fluctuations due to the absorption of discrete ions and electrons.

The mean charge and the fluctuations are different for the two different particle
sizes. This is shown in figure 2.2a. This shows the results of a number of similar
simulations. It shows the mean charge and the root mean square (RMS) of the
fluctuations for particles of different size. These two quantities were calculated using
only the data after the initial charging of the particle. The mean charge shows a clear
linear increase with particle radius. This is equal to the continuous current case in
equations 2.4 and 2.5. The fluctuations show an increase with the square root of the
particle radius. This means that the fluctuations are relatively more important for

30



2.1. FLOATING PARTICLES

0 0.5 1 1.5 2

Time (ms)

-400

-300

-200

-100

0
C
h
a
rg
e
(e
)

(a)

0 0.5 1 1.5 2

Time (ms)

-4000

-3000

-2000

-1000

0

C
h
a
rg
e
(e
)

(b)

Figure 2.1: Charge of a (a) 100 nm and (b) 1 µm radius particle floating in a
plasma (Te = 2 eV, n0 = 1 · 1014 m−3) as function of time.

smaller particles. They are only significant for nanometer and smaller particles in
the simulated conditions. The deviation from this trend for big particles is caused
by numerical limitations. As the particles grow, the charge fluctuations grow and an
increasingly long simulation time is required to get an accurate RMS value.

The relative importance of the charge fluctuations is further illustrated in figure 2.2b.
Here it is plotted as function of the average charge. From similar simulations Cui and
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Figure 2.2: (a) Mean charge and root mean square of the charge fluctuations on
particles with different radius floating in a plasma with density n0 = 1 · 1014 m−3

and different electron temperatures. (b) Relative root mean square of the charge
fluctuations to the mean charge as function of the mean charge on particles of
different sizes floating in a plasma.
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Goree [21] have found the power law relation

δqrms
〈q〉

= 0.5
∣∣∣∣ 〈q〉e

∣∣∣∣− 1
2

. (2.12)

This relation is shown with the black line in figure 2.2b. It shows good agreement
with the present simulations.

The square root relation in equation 2.12 was predicted by Morfill et al. [88]. It
is equal to that in counting statistics. This result is, however, non-trivial as Poisson
statistics cannot simply be applied. This is because of the non-trivial dependence of
the probabilities pe and pi on the potential φ in the currents in equation 2.1 and 2.2.

2.2 Particle on surface
In the previous section we have introduced the OML theory. This was applied to
particles floating in a plasma. It assumes that each particle creates its own sheath.
It is no longer valid when the particle is sitting on the surface. This surface and the
charge on it will also influence the particle charging. The particle charge is not only
determined by the particle’s own sheath, but also by the surface plasma sheath.

The surface charge can be determined from the sheath electric field, just above the
surface. If we look at the electric field close enough to the surface, we can neglect the
plasma influence and use Gauss’ law to determine the surface charge density

σ = ε0Es (2.13)

with ε0 the vacuum permittivity and Es the electric field at the surface. This result is
well known for capacitors. In a capacitor the electric field is constant. In our situation,
the electric field is screened by the excess of ions in the plasma sheath. Therefore, we
need to specifically take the electric field at the surface.

We can relate this surface charge density to the particle charge, if we assume that
there is a conducting connection between the surface and the particle [29]. This is
e.g. the case when both are made of a conducting material or have a high surface
conductivity. Different literature sources estimate the particle charge this way.

Hartzell and Scheeres [44] derive a particle charge of

q = πR2ε0Es (2.14)

with R the particle radius. They arrive at this answer by dividing the charge density
in equation 2.13 by the projected area of the sphere on the surface (πR2).

Wang et al. [124] find a slightly different charge

q = 4πR2ε0(1.64)Es. (2.15)

Instead of the projected area, they use the full surface area of the sphere (4πR2). The
factor 1.64 is due to the electric field enhancement around the particle, which can be
seen as a protrusion that will cause a local electric field enhancement. This equation
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was experimentally confirmed by Sternovsky et al. [114]. They measured the charge
on, amongst others, metallic particles on metallic surfaces in an electric field. They
found two components in this charge. One component was due to contact charging,
which was independent of the electric field and was caused by a difference in work
function. The other component was due to the induced charging by the electric field,
which followed equation 2.15. The dependence on the electric field and the particle
size were both confirmed.

For typical plasma conditions equation 2.15 results in a charge in the order of 1
to 10 electrons [109]. This is much less than the mean charge found in the previous
section for floating particles. Furthermore it is expected to be much too low to cause
any significant lofting force.

2.3 Charge fluctuations
Like the floating particles in section 2.1.2, the charge on a particle on the surface
can also fluctuate. Even without knowing the mean charge, it is still possible to say
something about these fluctuations. The derivation below is based on the reasoning
by Sheridan and Hayes [106, 109].

The ion flux entering the sheath at the sheath edge is

Γi = n0 · uB = n0 ·
√
e · Te
mi

. (2.16)

Here n0 is the plasma density at the sheath edge, uB is the Bohm velocity (the velocity
of ions entering the sheath), Te is the electron temperature and mi is the ion mass.
With no sources or sinks in the sheath, this same flux will reach the surface. If
we assume that the heavy ions are not influenced by the particle potential, the ion
collection frequency is

νi = Γi ·Ai, (2.17)

where Ai is the ion collection area (i.e. the frontal area of the particle; if the ions
reach this, they join the particle and change its charge). This results in a probability
per time ∆t of collecting an ion of

pi = νi ·∆t = Γi ·Ai ·∆t. (2.18)

If the electrons are in thermal equilibrium, their velocity will have a Boltzmann
distribution. Therefore, the electron collection probability will be

pe = C · exp
(
φ

Te

)
, (2.19)

with φ the particles potential and C a constant depending on the electron density and
their average velocity, but not depending on φ. Using the particle capacitance Cp this
can be rewritten to

pe = C · exp
(

q

CpTe

)
. (2.20)
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Figure 2.3: Charge fluctuation on a 1 µm radius particle on a surface in a plasma
with electron temperature 2 eV.

The particle capacitance can be estimated as that of a sphere in free space

Cp = 4πε0R. (2.21)

The nearby surface increases the capacitance to [15, 109]

Cp = 4πε0R ·
(
γ + ln 2

2 − lnD/R
2

)
(2.22)

with γ = 0.5772... the Euler-Masherone constant and D the distance between the
particle and the surface. For this we take a typical atomic scale of D = 0.3 nm,
following Sheridan and Hayes [109].

In equilibrium we have pe = pi. Due to charge fluctuations δq, the electron
collection probability will, however, fluctuate and

pe = pi · exp
(

δq

CpTe

)
. (2.23)

With this we can look at the charge fluctuations, without actually knowing the average
charge [109].

An example of the charge fluctuations on a 1 µm radius particle on a surface in a
plasma is shown in figure 2.3. This is calculated using the above equations. It shows
that the charge on this particle can vary by several hundreds of elementary charges.
The root mean square of this variation increases with increasing particle radius and
electron temperature (figure 2.4a).

Sheridan and Hayes [109] have derived an expression for these RMS charge fluctua-
tions from the above equations:

δqrms
e

=
√
Cp · Te
e

. (2.24)

The simulated charge fluctuations follow this equation (black line in figure 2.4b).
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Figure 2.4: RMS particle charge fluctuations (a) as function of the particle
radius (b) illustrating the relation in equation 2.24 (black line).

This RMS charge fluctuation is much higher than the average charge on conducting
particles, calculated in the previous section (typically in the order of 1 - 10 e). This
comparison is also made by Sheridan and Hayes [109]. From this, they conclude that
particle lofting is driven by charge fluctuations and not average particle charge. This
was earlier proposed by Flanagan and Goree [29] as a result of their experiments,
without a quantitative calculation. Note that this comparison is dodgy, because one
has to assume that the particle is electrically connected to the surface to get the mean
charge in the order of 1 - 10 e. However, for this derivation of the fluctuation, it
is assumed that there is no electrical connection through which the particle could
equalise its potential with the surface.

Sheridan and Hayes [109] apply their fluctuation equations to the experiments
by Flanagan and Goree [29]. In these experiments, the plasma was created using a
hot filament. This means that there will be two electron populations with different
temperatures. One hot population with temperature Te,hot coming directly from the
filament, and one cold, bulk, population with temperature Te,bulk created by electron
impact ionisation. Sheridan and Hayes [109] state that the electric field at the surface
scales as Es ∝ Te,hot/λD, with the Debye shielding length λD ∝ T 1/2

e,bulkn
−1/2
0 , where

n0 is the plasma density at the sheet edge. Therefore, Sheridan and Hayes [109] predict
the electrostatic cleaning force to scale as

F ∝ δqrmsEs ∝ R1/2n
1/2
0 T

3/2
e,hotT

−1/2
e,bulk. (2.25)

This implies a weak scaling with density and particle radius and a strong scaling
with the hot electron temperature. This scaling is supported by the experimental
observations that particle removal occurs even at low plasma density when there is a
high energetic electron component [29, 108].
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2.4 Insulated particle

Sternovsky et al. [114] have measured the charge on particles on a surface using a
Faraday cup. Above, in section 2.2, we already discussed that their measurements
with metallic particles on metallic surfaces in an electric field agree with equation 2.15.
They have, however, also performed measurements with non-conductive alumina and
silica particles. These were first exposed to a plasma, whereafter they were dropped
from an agitated, i.e. vibrating, surface, into a Faraday cup.

They found that this charge depends on the amount of times that the surface was
agitated before the particles fell into the faraday cup. They explained this by assuming
that the charge on a non-conductive particle is not spread homogeneously over the
entire particle, but only appears in a patch in the region where the particle touches
the surface. As the surface is agitated, the particles roll over it. This causes new
charge patches in new areas and thus a higher particle charge. This charge increase
was higher than the charge, which was induced by the electric field that was on for
seven hours, without surface agitation and particle rolling.

From these observations, we can conclude that there is no redistribution of charge
over these non-conducting particles. Therefore, this charge can probably not be
determined with the assumption that the particle shares its charge with the surface,
as in section 2.2 for conducting particles.

Wang et al. [124] charged insulating particles on a surface with a plasma. Using
a Faraday cup [121] they measured the particle charge. They used 50-75 µm radius
particles. They found charges in the order of 105 e. The highest charges (both positive
and negative) are found when the surface was biased. This would result in a net
current to or away from the surface and thus extra charge on the particles.

This charge is orders of magnitudes higher than that derived in section 2.2. There
are, however, no models available in literature to determine the charge on a non-
conducting particle on a surface in a plasma.

2.4.1 Model basics

The goal of this section is to simulate a non-conducting dust particle on a substrate.
The substrate is modelled as an infinitely large charged surface and the dust as a
charged sphere.

We use a particle model that models the movement of individual ions and electrons
under the influence of these two charged bodies. Their influence is assumed to be
due to electrostatic attraction and repulsion. These are quantified by deriving the
electric fields from the screened electric potential. The fields will be used to establish
the differential equations that govern the electron and ion movement. We neglect
all collisions between ions and electrons, and only take their influence on each other
implicitly into account through the screened electric potential.
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Screened electric potential

The potential φ at a distance r from a point charge q is given by

φ = q

4πε0r
(2.26)

with ε0 the vacuum permittivity. When a charge is in a plasma, it is screened by free
electrons and ions at a typical length scale of the Debye length λD. The potential due
to a screened charge is

φ = q

4πε0r
e
− r
λD . (2.27)

To find the electric field due to an infinite charged surface, one would generally take
the gradient of equation 2.26 to find the electric field due to an infinitesimal part of
the surface; then integrate this over the surface for the total field. By doing the same
for equation 2.27 we get

~Esurf = σ

2ε0
e
− h
λD ĥ. (2.28)

Here σ is the surface charge density, h is the distance away from the surface and ĥ is
the unit vector in this direction. This equation is not strictly valid, because it assumes
that all charges on the plate are independently screened, while in reality screening is
caused by electron and ion density variations in the surrounding plasma. For a more
accurate value, one would have to use a more sophisticated plasma sheath model, but
for simplicity we will stick to this approximation.

For the dust particle, we need the electric field due to a charged sphere. From
basic electrostatics, it is known that the electric field due to a uniformly charged
sphere is equal to that of an equally charged point charge at its centre. Therefore, the
electric field due to a screened charged sphere can be determined from the gradient of
equation 2.27:

~Esphere = q

4πε0
λD + r

λDr2 e
− r−R
λD r̂. (2.29)

Here q is the charge on the sphere, R is its radius and r̂ is the unit vector in the
direction of r. The factor in the exponent has changed to r −R, because there is no
screening inside the sphere.

Note that we assume that the sphere is charged uniformly. This is not the case for
real non-conducting particles. Sternovsky et al. [114] have measured the charge on
non-conducting particles. They conclude that these get patches of charge that do not
redistribute over the particle’s surface (see above). For simplicity we do not take this
into account and assumed the charge on the dust particles to be uniformly distributed
over its surface.

When the charged sphere is near the conducting substrate it will cause a so-called
mirror charge. This charge is induced on the conducting substrate such that it stays
at one potential; i.e. there can be no electric field inside a conductor. The electric
field outside the conductor, due to this mirror charge, will be equal to the electric field
due to a charged sphere, similar to the one causing it, but with opposite polarity and
positioned as if mirrored under the substrate surface. Therefore, although the mirror
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Figure 2.5: Position of the substrate and the dust sphere in the cylindrical
coordinate system.

charge is in reality a charge distribution on the substrate surface, we will model its
electric field as the electric field from a charged virtual sphere using equation 2.29.

Electron and ion movement

We simulate the movement of a single electron or ion under influence of the substrate
and dust sphere. All direct influence of the ions and electrons on each other is neglected.
This is, however, implicitly taken into account in the screened potential. The electron
and ion movement is thus governed by the differential equation

d2~r

dt2 = ±e
m

(
~Esurf (~r) + ~Esphere (~r − ~rD)− ~Esphere

(
~r − ~rD − 2~hD

))
. (2.30)

Here ±e is the electron or ion charge and m is its mass. ~rD is the position of the dust
particle and ~hD is its distance above the substrate. In this equation, the first term is
the electric field from the unperturbed substrate, the second term is the electric field
from the dust sphere, and the third term is the electric field from its mirror charge on
the substrate.

Because the system has cylindrical symmetry we use cylindrical coordinates: r, h
and θ (see figure 2.5). The substrate is located at h = 0 and the centre of the dust
sphere is located at h = hD and r = 0. For the remainder of this section we choose
hD = R, meaning the sphere just touches the substrate.

2.4.2 Results
Plasma sheath

To verify the validity of our assumptions, a simple sheath model is created. For this,
only the substrate, not the dust sphere, is taken into account ( ~Esphere = 0). This
makes the system essentially 1D, so we can replace equation 2.30 by

d2h

dt2 = ±e
m
Esurf (h). (2.31)
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As the initial position, we choose h(0) = 10 · λD. This is valid, because for h� λD
the electric field is negligible: the particle will move at constant velocity until it has
reached a point where the electric field is no longer negligible. Therefore, this initial
position will not influence the result. This is verified to be the case for h(0) & 3 · λD.

The initial velocity depends on the type of charged particle. For the ions, the initial
velocity is h′(0) = −uB, with uB the Bohm velocity. The ions, thus, have a velocity
directed towards the substrate, due to the pre-sheath. The ion thermal velocity is
neglected because this is much smaller than their directed velocity entering the sheath,
which is the Bohm velocity; i.e. uB �

√
kBTi
mi

, with kB the Boltzmann constant, Ti
the ion temperature and mi the ion mass. For the electrons we assume a random
thermal velocity. Their initial downward velocity h′(0) is distributed proportional to
−h′(0) · exp

(
−h′(0)2/(2Tee/me)

)
, where

√
Tee
me

is the Gaussian velocity distribution
standard deviation, Te is the electron temperature, e is the elementary charge and me

is the electron mass. The extra h′(0) accounts for the fact that faster moving particles
are more likely to cross a boundary than slower moving ones. The fast electrons also
spend less time at each position. Therefore, this probability distribution results in
a gaussian velocity distribution near the simulation edge, as one would expect for a
plasma. Only negative initial velocities are allowed to simulate particles moving into
the sheath, towards the substrate.

At the simulation domain edge (h = 10 · λD), the ion density ni and electron
density ne are equal (ni = ne = n0). Their fluxes are thus respectively

Γi = n0uB (2.32)

and

Γe = n0

√
Tee

2πme
. (2.33)

For each new particle we randomly pick whether it is an electron or an ion, the
probability of each being proportional to their flux.

The movement of the ion or electron is then calculated using equation 2.31. It will
either hit the substrate or move up out of the simulated area. When the substrate is
hit, the charge of the particle is added to the substrate charge. We neglect all other
surface interactions, such as secondary electron emission.

A substrate starting with no charge quickly charges negatively, as shown in figure 2.6.
This is to be expected for a floating surface in a plasma. After the initial negative
charging, the potential fluctuates, because of the discreteness of the impinging electrons
and ions. The magnitude of these fluctuations has no physical meaning, because it is
dependent on the arbitrarily chosen surface size for the charge density in equation 2.28.
The reached mean potential is, however, independent of this chosen area.

The potential of a surface in a plasma can also be determined by theoretically
balancing the ion and electron fluxes [71]:

φsurf = −Te ln
√

mi

2πme
. (2.34)
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Figure 2.6: Simulated potential on a substrate in a plasma with plasma density
n0 = 7 · 1014 m−3 and electron temperature Te = 2 eV (continuous line) and result
from equation 2.34 (dashed line).

The result (dashed line in figure 2.6) shows good agreement with the mean simulated
potential.

For the remainder of this section, the substrate charge does not fluctuate. Instead,
we simulate the dust charge as a function of an applied substrate potential.

Dust charging

The goal of this section is to calculate the charge that will accumulate on a dust
particle on a substrate. We assume this charge is only caused by either electrons or
ions reaching the dust particle and thereby changing its charge by respectively −e
and e.

To find the dust charge, we start by calculating whether an electron or ion reaches
a dust particle with a given charge. For this, their movement is calculated using
equation 2.30. Whether they will hit the dust or not depends on the initial conditions.
Four electron trajectories are shown in figure 2.7; they have equal initial position, but
different initial velocities. Two of the electrons hit the dust.

Note that this figure only shows relatively simple trajectories with θ = 0. Figure 2.8
shows a mapping of simulated electrons with different initial velocities in the r and
θ-direction; the initial downward velocity h′(0) is kept constant. Initial velocities
that result in the electron hitting the dust are indicated with green crosses; those
not resulting in a dust hit are shown with red circles. The black and white areas are
interpolations of these results. Electrons with initial velocities in the black area are
expected to hit the dust particle; those in the white are not.

Only electrons moving in the right direction towards the dust particle will be able
to hit it. Since we start at r(0) > 0 and θ(0) = 0, this right direction will be centered
around a negative r′(0) and θ′(0) = 0, as seen in the figure. The shape of the black
region is not circular, but has an extension towards less negative initial velocities r′(0).
This is caused by electrons with trajectories such as line 3 in figure 2.7 hitting the dust
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Figure 2.7: Trajectories of electrons with different initial conditions. The
electrons start at h(0) = 10 · λD = 4 mm, r(0) = 0.5 mm and θ(0) = 0 (outside
the graph) with different initial velocities (see legend). The dust particle and
substrate are shown in grey.

particle from the side. The extension is only visible for relatively low initial downward
velocities. For higher downward velocities, electrons moving in this direction would
have hit the substrate first (line 4 in figure 2.7).

We integrate over the black region in figure 2.8, after multiplying it with the chance
on each initial velocity r′(0) and r′(0). These probabilities are Gaussian with a mean 0
and standard deviation

√
Tee
me

. The result gives us the total probability of an electron
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Figure 2.8: Mapping of the dust hit probability for electrons with different
initial velocities r′(0) and θ′(0) and fixed initial position h(0) = 10 · λD = 4 mm,
r(0) = 0.5 mm and θ(0) = 0 and downward velocity h′(0) = −1.7 · 106 m/s. The
green crosses are initial conditions for which the electron hit the dust particle.
The red circles are initial conditions for which it did not. The white and black
shaded area are interpolations of these results.
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Figure 2.9: Left axis: hit probability for electrons with different initial downward
velocities and fixed initial position h(0) = 10 · λD = 4 mm and r(0) = 0.5 mm
(black line). The verticale dashed red lines are equation 2.35 (right line) and 2.36
(left line). Right axis: hit probability weighted with the initial downward velocity
distribution (dotted blue line).

hitting the dust particle from this starting position with this downward velocity (black
line in figure 2.9).

The electrons are repelled by the negatively charged substrate and particle. To
reach the substrate, the electron needs a minimum speed

Smin =

√
−e · φsurf
1/2 ·me

(2.35)

with φsurf the potential of the substrate. To reach the dust particle, the electron
needs a slightly lower speed

Smin =

√√√√−e · φsurf · exp
(
−(R+hD)

λD

)
1/2 ·me

, (2.36)

because the potential is slightly lower at the position of the top of the dust particle.
This last equation (right vertical dashed red line in figure 2.9) is a minimum speed
for any hit probability on a particle with a zero or negative charge. The minimum
speed from simulations is slightly higher, because of the combination of the repelling
potential from the dust particle and the attracting potential from its mirror charge.

Some electrons may have speeds higher than the minimum required to reach the
dust particle (equation 2.36; right dashed red line in figure 2.9) but lower than that
required to reach the substrate (equation 2.35; left dashed red line in figure 2.9). These
are repelled by the substrate but may hit the dust particle from the side, like line 3 in
figure 2.7. This causes the increase hit probability around −1.7 Mm/s.

The probabilities are multiplied with downward velocity probability to weigh them
(blue dotted line in figure 2.9). This distribution is integrated over all initial velocities
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Figure 2.10: Probability of an electron hitting the dust particle on a plate as
function of its starting position. (a) With −1 · 103 e charge on the dust particle
and a −9.4 V substrate potential. (b) With no charge on the dust particle and
the substrate.

to get the total probability of an electron hitting the dust particle from this starting
position. The resulting probability (figure 2.10a) clearly reduces with initial position,
because, as the horizontal distance grows, the probability of the electron moving in
the right direction decreases. The maximum probability is not at r = 0. This is likely
due to the electrons hitting the dust particle from the side as with line 3 in figure 2.7.

Figure 2.10b shows the same probabilities but with no charge on the particle and
the substrate. In this case one would not expect trajectories to bend away from the
substrate towards the particle, as with line 3 in figure 2.7. Therefore, the maximum
probability in this case is at a r = 0. All probabilities in the graph are higher compared
to figure 2.10a because no electrons are repelled by the substrate or the dust particle.

To calculate the total flux to the dust particle, we should integrate the hit prob-
abilities per initial position over the entire area and multiply this by the influx in
equation 2.33. The results (continuous blue line in figure 2.11) clearly show that with
more negative dust charge the electron flux decreases due to the repelling of electrons.

In addition to the electrons, we also model the ions (dashed red line in figure 2.11).
For these we set the initial velocity at the Bohm velocity, directed towards the plate
as described above (h′(0) = −uB, r′(0) = 0, θ′(0) = 0). Therefore, there is no need
to map over all initial velocities, and one simulation per initial position suffices. If
there is no charge on the dust particle, the ions will propagate straight downwards.
Therefore, only ions starting right above the dust particle will hit it and the flux to
the dust particle will be

P = ΓiπR2. (2.37)

This equation (red cross in figure 2.11) agrees with the simulated ion flux for no
dust charge. When there is charge on the dust particle, the ion trajectories will bent
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Figure 2.11: Ion (dashed red line) and electron (continuous blue line) flux
towards a dust particle. The red cross depicts equation 2.37 and the vertical
dotted line indicates the resulting equilibrium charge on the particle.

towards or away from the dust particle. This causes the increase in ion flux for more
negative dust charges in figure 2.11.

At equilibrium dust charge, there will be equal ion and electron fluxes. This is the
crossing point of the two lines in figure 2.11 (indicated by the vertical dotted line).
Any deviation from this point will result in a net current, returning the charge to this
value. The equilibrium dust charge decreases when the substrate potential increases
(figure 2.12). This is because the substrate then attracts more electrons that may
also reach the dust particle. For decreasing substrate potential, the effect is reverse;
electrons are repelled. With sufficiently negative substrate potential, it is even possible
to reach positive dust charges.

The dust charge scales slightly stronger than linearly with the dust size (figure 2.13).
This can be expected from the potential at the particle surface. The potential at the
surface of a charged sphere scales inversely with the sphere’s radius. Therefore, a
bigger sphere can gather a higher negative charge to reach the same electron-repelling
potential.

Comparison to experiments

Wang et al. [124] have experimentally measured the charge on dust particles on a
substrate in a plasma. This was done for, amongst others, alumina particles, sieved
between 125 and 150 µm. The plasma was created using a hot filament. The plasma
density n0 = 7.0 · 1013 m−3 and the electron temperature Te = 3.5 eV were determined
with a Langmuir probe. The hot filament was biased to −35 V, leading to a floating
potential of −36 V.

In the present simulation we do not have a hot filament. We simulated a plasma
with an electron population with Te = 3.5 eV, leading to a floating potential of −11.7 V.
The resulting particle charge is shown in the continuous and dashed lines in figure 2.14.
The two lines represent simulations with particle size of 100 and 150 µm. The larger
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Figure 2.12: Equilibrium charge on a 100 µm diameter particle on a substrate in
a plasma with electron temperature Te = 2 eV and density n0 = 7.0 · 1014 m−3 for
different substrate potentials. The vertical dotted red line represents the floating
potential (-9.4 V).

particles accumulate more charge (both positive and negative), as would be expected.
Wang’s particle size should be between these two results. These charges can only be
qualitatively compared to the experimental measurements due to the difference in
floating potential between the model and the experiments.

The experimental results from Wang et al. [124] are shown by the red dots with
error bars. These measurements are shifted by 4.7 V compared to the graph in their
paper. This is done to include the plasma potential, as reported by them. The
experimental measurements are in the same order of magnitude as the values found
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Figure 2.13: Simulated equilibrium charge on particles on a substrate at the
floating potential in a plasma with electron temperature Te = 2 eV and density
n0 = 7.0 · 1014 m−3 for different particle radii (continuous line). The dashed lines
show linear scaling according to equation 2.39 with different potentials (see text).
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Figure 2.14: Simulations of equilibrium charge on a 100 µm (continuous black
line) and 150 µm (dashed black line) diameter particle on a substrate in a plasma
with electron temperature Te = 3.5 eV and density n0 = 7.0 · 1013 m−3 together
with experimental measurements by Wang et al. [124] of the charge on particles
with a diameter between 125 and 150 µm in equal plasma conditions (red dots
with error bars) for different substrate potentials. The vertical dotted red lines
represent the floating potential in the experiments (−40.7 V; due to the biased
hot filament) and the simulations (−16.4 V).

by the simulations, but there are some clear differences.
An obvious difference is the substrate potential leading to zero dust charge, which

is around −20 V in the simulation and −36 V in the experiments. This is likely due to
a different floating potential. The floating potential in the experiments is measured to
be be −40.7 V compared to the plasma potential (left vertical red line in figure 2.14).
This is likely due to the biased hot filament and the hot electron population emerging
from it. In the simulation, there is no hot-electron population. Therefore, the floating
potential is only −11.7 V (right vertical red line in figure 2.14). For both simulation
and experiments the dust charge is zero near the floating potential. However, the dust
charge at the floating potential is negative in the simulations, while it is positive in the
experiments. This difference is probably due to the high energetic electron population
in the experiment, which was not present in the simulations.

At high negative potentials, the experimental charge seems to reach an upper limit,
while the simulated charge keeps increasing. This can be due to additional secondary
effects, which were not simulated, such as a leak current to the substrate.

In the positive substrate charge region, the steep decrease in simulated dust charge
is due to the ion flux. A positive charge on the substrate repels the ions. This can
cause all ions to be repelled because we assumed all ions to start with the Bohm
velocity. Therefore, an equilibrium cannot be established. Here we should also note
that Wang et al. [124] stated that, “In the experiments, positive bias potentials were
not used because the electron current drawn from the plasma became so large that
the plasma conditions were significantly changed.”
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Figure 2.15: Total electron (continuous blue line, no markers) and ion (dashed red
line, no markers) flux towards the cylinder. Components to the top (squares) and
side (triangles) are indicated by the lines with markers. The red cross represents
equation 2.37.

Comparison to charge density estimate

A common practice in physics is to make an order-of-magnitude estimate. As we will
show below, such a simple estimate deviates by multiple orders of magnitude from our
simulation results. We will also show where this simple estimate goes wrong and why.

For the simple estimate, we take the substrate to be at the floating potential. In
this case there will be no net flow of current to the substrate; the ion and electron
fluxes balance each other. If the particle is much smaller than the Debye length, one
could then naively say, that the particle would get the same surface charge density as
the substrate, resulting in a particle charge

q ≈ πR2 · σ = πR2 · 2ε0Esurf (h = 0) (2.38)

where σ is the surface charge density. Equation 2.28 was used for the second equality.
This equation differs from the simulation result; i.e. it scales with the particle radius
squared, while the simulations only show a slightly stronger than linear scaling.

The above equation oversimplifies the problem. Firstly, it does not distinguish
between a spherical particle and a pancake, while there is a clear difference, namely
the height. We shall demonstrate this difference by placing a cylinder around our
sphere and measuring the flux towards this cylinder. This allows us to distinguish
between electrons and ions hitting the top and the side of the cylinder.

Note that this simulation uses a simplified combination of a sphere and a cylinder;
we calculate the dust particle electric field as if it were a sphere, but its hit-area as if
it were a cylinder. This is purely meant for demonstration purposes. For this example
we use a sphere and cylinder diameter of 10 µm, much smaller than the Debye length
(λD = 0.4 mm for Te = 2 eV and n = 7.0 · 1014 m−3).

With no charge on the particle, the ion flux (dashed red line in figure 2.15) equals
the analytical equation 2.37 (red cross in figure 2.15). This flux consists of ions
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moving straight down to the top of the cylinder (dashed red line with squares). With
decreasing dust charge, ions can bend towards the sphere, and we see an increase in
ion flux through the cylinder side (dashed red line with triangles).

With no charge on the particle, the electron flux through the top of the cylinder
(continuous blue line with squares) is approximately equal to the ion flux. The total
electron flux (continuous blue line without markers) is, however, much higher, due to
a large contribution from the electrons that hit the side of the cylinder (continuous
blue line with triangles).

To understand this, it is insightful to consider the velocity of the electrons. In the
plasma bulk, the electrons have no preferential direction; their velocity perpendicular
to the substrate will, on average, be equal to the velocity parallel to the substrate.
However, electrons in the sheath, moving towards the substrate, are repelled by the
substrate and, therefore, their perpendicular velocity decreases. This means that the
electron flux parallel to the substrate will be higher than that perpendicular to the
substrate, resulting in more electrons hitting the cylinder from the side. For the ions it
is the other way around, they are accelerated towards the substrate. Therefore, their
perpendicular velocity is higher, and they will mainly hit the cylinder from the top.

Because of the extra electron flux, the dust particle will charge negatively in the
order of 103 e. This cylinder charge is comparable to the charge on a 10 µm sphere in
figure 2.13.

This charge is much more negative than the Q ≈ −1 · 102 e that would follow
from the naive estimate in equation 2.38. This means that the dust particle has a
much higher surface charge density than the substrate. This can be understood from
the influence that the substrate and particle charge have on the electron flux. The
substrate surface is much bigger than the particle’s surface. Therefore, a small change
in the substrate charge density will influence the total electric field and therewith
the electron flux much stronger than the same change in the particle’s surface charge
density. In other words, the dust particle needs relatively more charge to balance
the fluxes towards it than the substrate does. Assuming these are equal is, therefore,
wrong and therewith equation 2.38 is invalid.

Comparison to capacitance estimate

Another simple estimate can be made for a particle in the plasma bulk. For this, we
thus completely ignoring the substrate; i.e. there is no plasma sheath and the dust
sphere is hit by electrons and ions from all sides. One can calculate the dust charge
on a conducting sphere in free space with

q = Cpφsphere = 4πε0Rφsphere. (2.39)

Here Cp is the capacitance of a sphere in free space and φsphere is the potential of the
sphere. This equation has the same scaling with radius as our results. Quantitative
comparison is, however, impossible without knowing the sphere potential φsphere.

The simplest estimate of the sphere potential is to set it equal to the floating
potential. The result is shown by the middle dashed line in figure 2.13.
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Alternatively, the potential can be derived from OML theory [89]. Here, the
potential is determined by balancing the electron and ion current to the sphere in the
bulk of the plasma (i.e. no substrate sheath, electrons and ions coming from all sides):

exp
(
eφsphere
kTe

)
=
√
Time

Temi

(
1− eφsphere

kTi

)
. (2.40)

The results (for Ti = 300 K) are shown by the top dashed line in figure 2.13.
A more precise estimate for the sphere potential can be made by adjusting the ion

current for a particle deep in the sheath. In this case the total ion velocity will not be
the thermal velocity, but will be dominated by the directed velocity. This results in
an ion current

Ii = πR2n0eui

(
1− eφsphere

miu2
i

)
(2.41)

with ui the ion velocity. For simplicity we will use ui = uB , while in reality ui > uB
for a negatively charged surface. With this, the sphere potential can be calculated
with

exp
(
eφsphere
kTe

)
=
√
πme

8mi

(
1− eφsphere

miu2
B

)
. (2.42)

The result is shown by the bottom dashed line in figure 2.13.
The three capacitance-based estimates all overestimate the negative charge; i.e.

the charge on a dust particle on a substrate is smaller than the charge on an isolated
dust particle in a plasma. This overestimation will increase if we include the change
in capacitance due to the nearby surface (equation 2.22).

Removal force

The combination of charge on the particle and an electric field causes an electric force.
This can be used to remove contamination from substrates [29, 109]. The force can
be easily calculated from our simulations by multiplying the electric field from the
substrate (equation 2.28) and the dust charge (figure 2.12). The results are shown by
the dotted blue line in figure 2.16 for different substrate potentials.

The figure shows negative forces at both high and low substrate potentials. These
represent forces pushing the particle towards the substrate. At these extremes, the
substrate and the dust have opposing charges, resulting in an attractive force. For
intermediate substrate potentials, there is a region where both the substrate and the
dust are charged negatively. This results in a repulsive force between them. The
maximum repulsive force is 0.3 nN at a plate potential of −5 V. This is slightly above
the floating potential (red vertical line).

There is, however, another electric force acting on the particles. This is due to the
mirror charge. It is equal to the force between two point charges of opposite sign

Fmirror = −q2

4πε0 (2hD)2 (2.43)
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Figure 2.16: Electric force on a 100 µm diameter particle on a substrate in a
plasma with electron temperature Te = 2 eV and density n0 = 7.0 · 1014 m−3

for different substrate potentials (continuous black line). The components due
to the unperturbed substrate (dotted blue line) and the mirror charge (dashed
red line) are also shown. Positive values are forces pulling the particle away
from the substrate, negative values represent an electric force pushing the particle
towards the substrate. The vertical dotted red line represents the floating potential
(-9.4 V).

This force (dashed red line in figure 2.16) will always be attractive, as the particle
and its mirror always have opposite polarity. The magnitude of this force is, mostly,
higher than the magnitude of the force due to the substrate electric field. Therefore,
the total electric force on the particle (black line in figure 2.16) is attractive for most
substrate potentials. At the floating potential, there is a small repulsive force.

Both the distance hD from the dust centre to the substrate and the dust charge Q
scale roughly linearly with the particle radius. Therefore, equation 2.43 tells us that the
mirror charge force scales only little with particle size (dashed red line in figure 2.17).
The repulsive force from the substrate electric field scales linearly with the dust charge
Q and, therefore, its radius R (dotted blue line in figure 2.17). Therefore, there will
be a net removal force at the floating potential for particles larger than approximately
100 µm.

When the particle rests on a non-conducting substrate instead of a conducting
substrate, there will be no mirror charge and thus no attracting force. The only force
on the particle will be repulsive (blue line in figure 2.16 and 2.17). This is relevant for
dust contamination on e.g. glass windows or solar panels. Note that the absence of a
mirror charge has very little influence on the particle charge and the magnitude of
this force.

Dusty surface

On extraterrestrial bodies, the electric removal force is thought to be responsible for
lofting of dust particles above planetary surfaces [44]. In this case the dust particle
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Figure 2.17: Magnitude of the electric force due to the unperturbed substrate
(dotted blue line) and the mirror charge (dashed red line) on a particle on a
substrate at the floating potential in a plasma with electron temperature Te = 2 eV
and density n0 = 7.0 · 1014 m−3 for different particle radii. Both pulling and
pushing forces are shown positive on the logarithmic scale.

is part of a dusty surface. One should keep this in mind when applying the present
results.

In the dusty surface case, the particle is surrounded by neighbouring dust particles.
These will block part of the side flux, which was shown to be important for the total
dust charge. Therefore, the charge on a dust particle on a dusty surface will not
necessarily be equal to the charge of a dust particle on a flat substrate. One should
take the topology of the surrounding surface into account. This difference is important,
when comparing the present results to experiments with a thick layer of dust (e.g. [42,
108, 122, 125]).

2.4.3 Conclusion
In this section we have presented a model to simulate the charge of a dust particle on
a substrate in a plasma. It is based on balancing the ion and electron fluxes towards
the particle. These fluxes are influenced by the electrostatic attraction and repulsion
of both the substrate and the particle. We found that it is very important to look at
electron trajectories in 3D, because the dust particle will not only collect electrons and
ions from the top, but also has an important electron flux contribution from the side.

The simulated dust charge resembles the experimental measurements performed
by Wang et al. [124]. It, however, differs from what one would expect from a naive
charge-density estimate in which the surface charge density of the substrate and the
particle are assumed equal because this estimate neglects the particle height. The
height causes an increased electron flux to the particle from the side, which leads to a
more negative particle charge. A beter estimate is to use a capacitor model and ignore
the nearby substrate. This only slightly overestimates the negative charge because
there are fewer electrons near the substrate than in the plasma bulk.
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Calculations similar to the charge-density estimate are, however, generally assumed
in plasma lofting theory [29, 44, 109]. Hartzell and Scheeres [44] found that they
needed a four to nine order of magnitude increase from this estimate to explain plasma
lofting experiments. Flanagan and Goree [29] have proposed that the dust charge
may be temporarily higher due to charge fluctuations, which was later confirmed in
modelling work by Sheridan and Hayes [109]. This simulation presents an alternative
explanation. The mean dust charge on an electrically isolated particle is much higher
than previously expected; it is much higher than the stochastic fluctuations found by
Sheridan and Hayes [109].

We have found that, for our plasma conditions, particles smaller than approximately
100 µm are attracted to a conducting substrate at the floating potential. This is
because the charged particles induce a mirror charge on the conducting substrate that
causes a stronger attracting electric force than the repelling force from the unperturbed
substrate charge. The mirror charge electric force dominates for smaller particles. This
implies that in this case, there can be no lofting of particles smaller than approximately
100 µm.

For a non-conducting substrate there will be no mirror charge. In this case we find
a lofting force up to 0.3 nN for 100 µm particles under our plasma conditions. This
force scales roughly linearly with the particle size. This is stronger than the square
root scaling predicted by Sheridan and Hayes [109], but weaker than the quadratic
scaling from Hartzell and Scheeres [44].

The lofting force should be compared to the gravitational and adhesive forces
to establish whether this will cause lofting. The gravitational force scales with the
density of the particle and the gravitational acceleration. It is 5 nN for a 100 µm
polystyrene (density 1.05 g/cm3) particle on earth. This is higher than the lofting
force of 0.3 nN, impeding lofting for this particle. For smaller particles, however,
gravity diminishes with the radius cubed, while the lofting force decreases only linearly.
Therefore, gravity becomes negligible for particles smaller than 10 µm. For these
smaller particles, adhesion is the main force that the lofting force should overcome.
Comparison to this is, however, complicated due to the large uncertainties herein
caused by unknown local topology; the adhesion can vary orders of magnitude from
lofting to non-lofting conditions. We can say that the found force is higher than what
was previously predicted, due to the higher particle charge. This can explain the gap
between theory and experiments found by Hartzell and Scheeres [44].

Lastly, one should be careful when applying the present results to dusty surfaces,
where the dust particle is surrounded by dust. This will block part of the sideways
electron flux, which is important for the charging. Therefore, one should look at the
full 3D geography of the surface that the particle is lying on.

In further investigation the proposed model should be applied to the plasma
conditions and geometry as reported in the different experimental observations of
particle release (e.g. [29, 42, 108, 122, 125]). Furthermore, the simulations may
be improved by implementing a more accurate plasma sheath model to replace the
approximation of the screened substrate electric field.
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2.5 Electron emission and re-absorption
Recently, it has been suggested that the emission and re-absorption of photoelectrons
and secondary electrons may cause high dust charges on extraterrestrial bodies [123].

A photon with sufficient energy may free an electron from a solid body. This will
leave a positive charge on the solid and create a free, so-called, photo-electron. An
electron impinging on a surface may similarly cause the release of a so-called secondary
electron. The photo-electrons and secondary electrons may be collected on another
surface, thus charging that negative.

Wang et al. [123] suggest that this re-absorption may lead to very high negative
charges on some particles. This will specifically happen to bits of the particle surface
that are not directly exposed to the plasma, in e.g. microcavities between neighbouring
dust particles.

This process, however, does not seem to be important for the present experiments.
It requires the presence of highly energetic photons and electrons. Wang et al. [123]
introduce these in their experiments using a UV lamp or an electron beam to mimic
the conditions on airless extraterrestrial bodies. Our experiments, however, do not
contain highly energetic electrons or photons. Therefore, we neglect this electron
emission and re-absorption.

2.6 Triboelectricity charging
Charging by free electrons and ions in a plasma is not the only way a microparticle
can get charged. An even larger charge can be caused by contact charging, i.e. the
triboelectric effect. This effect is best known for the static electric charging when you
e.g. walk with socks on a carpet. The sparks caused by this show that a significant
potential can be caused by the effect.

Theory for triboelectric charging is best developed for conductors. Therefore, this
will be discussed first below. Thereafter, it will be extended to insulating materials in
section 2.6.2, and charging between similar materials such as the particles used in the
present research in section 2.6.3.

2.6.1 Conductors
When two conductors are in contact they can exchange electrons [78]. These electrons
can move from the valance band of one conductor to that of the other. If the two
conductors have different work functions φ1 and φ2, there will be a net transfer
of electrons from one conductor to the other. This causes an electric potential
difference [40]

V = φ1φ2

e
(2.44)

with e the elementary charge. This potential will cause a net transfer of charge

q = C · V (2.45)
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with C the capacitance between the two conductors.
The charge will remain on the conductors after their contact has broken (unless they

are discharged somehow). The charge after separation is determined by equation 2.45.
The capacitance C in this equation is then not the capacitance at the current moment,
but the capacitance at the moment of separation; i.e. when they are separated by a
critical distance and the charge transfer is cut off [78]. This distance is typically a few
angstrom.

2.6.2 Insulators
For insulators, the situation is a little more tedious because insulators have no valence
band in the classical sense; i.e. they do not conduct electrons. Therefore, the above
discussion should not apply to them. However, the typical high-school experiment of
rubbing a piece of wool around a PVC tube has often demonstrated that triboelectric
charging also happens for insulators.

In insulators electrons cannot move freely throughout the material and to contacting
bodies. Most models, therefore, describe the charging to surface states and defects [78].
However, there are no models that can fully explain the triboelectric charging of
insulators from material properties.

Most data on insulator charging comes from experiments. From these, empirical
so-called triboelectric series have been constructed. These predict which material
charges positive and which negative when two bodies are rubbed together. Likewise,
‘effective work functions’ have been determined for different insulator materials, to be
used with equation 2.44.

An insulator will not charge uniformly like a conductor. It does not conduct and,
therefore, the triboelectric charge can not redistribute. The charge will be limited to
a patch at the contact surface. Therefore, multiple contacts at multiple positions are
necessary to triboelectrically charge an insulator. This is why rubbing helps to charge
insulators; it increases the points of contact. These localised charges complicate the
use of equations 2.44 and 2.45.

Matsuyama et al. [79–81] take a different approach at determining the equilibrium
charge on micrometer-sized insulating spheres. They determine it as the balance
between a charging and a discharging process. The charging is due to the triboelectric
effect and the discharging due to a gas breakdown. In their setup they drop a particle
on a tangentially placed target, which it bounces off again. During the contact, the
particle will gain a certain charge. The particle then moves away from the surface.
This causes a decrease in the capacitance and, according to equation 2.45, an increase
in the potential difference between the particle and the surface. Matsuyama et al. [79–
81] compare this potential to the Paschen curve to determine whether there will
be an electric breakdown, which discharges the particle. They argue that the final
equilibrium charge on a particle after many bounces will be just below the minimum
required for an electric breakdown.

In their experiments, Matsuyama et al. [80] drop particles of hundred micrometre
size with different initial charges on the target. The charge change that they measure
indeed indicates an equilibrium charge. They, however, find a large spread in their
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measurements, which they attribute to the patch-charging process. They show that
the additional triboelectric charge on a particle, with initial charge, highly depends on
the position of the initial charge with respect to the interface area.

2.6.3 Similar particles
So far we have related the triboelectric charging to a difference in effective work
functions between materials. It is, however, also reported that particles of the same
material can charge each other [77, 110]. A spectacular example attributed to this
effect is volcanic lightning [83]. This is a lightning discharge in the ash plume of an
erupting volcano. It is thought to be caused by triboelectric charging of the particles
in the plume [18].

Charging of similar particles may often be due to small differences between them.
E.g. for particles of different sizes, smaller particles tend to charge negative and larger
positive [30, 59]. Also small differences in the particle surface may cause a difference
in charging; for example, Mehrotra et al. [84] have shown that similar particles which
were coloured using a different colour dye separate due to charging. Sharma et al. [105]
have shown that the effective work function of polystyrene particles can be changed
by plasma treatment. They explain this either by a change in roughness or functional
groups at the particles surface. They show that both these effects influence the
triboelectrical charging.

Also truly identical materials may charge. Pahtz et al. [94] have shown that this
can happen due to particle polarisation in an external electric field. It is also shown
that such an electric field may spontaneously build up when identical glass beads are
shaken [110]. The mechanism behind this is, however, unknown.

The triboelectric charging of insulators remains a field with many unanswered
questions and unexplained observations. Some examples can be found in e.g. [110]
and [61]. Lacks even comes to the conclusion that ‘perhaps contact charging may
never be predictable’ [61].

2.7 Charge limits
Above, we have seen how particles can get charged. The maximum charge that a single
particle can acquire is, however, limited. At a certain charge it will spontaneously start
emitting electrons. Below we will calculate this charge limit and discuss its relevance
for the present research.

2.7.1 Literature
Recently, Le Picard and Girshick [64] published a paper examining the implication
of the existence of an upper limit on the charge on particles. For this, they used an
analytical derivation and a Monte Carlo model. They found that such a single-particle
charge limit will significantly influence the particle charge distribution in a plasma, if
the limit is near or below the mean charge found from OML theory.
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They motivate the work by introducing two charge limits: one based on the electron
field emission, due to the self-induced field of the particle, and one based on electron
affinity. This distinction seems odd since both of these limits describe the same
underlying physical process, as we shall explain below.

They plot both limits in their figure 1. This implies that the ‘electron affinity’
limit is the most strict and, therefore, important for larger particles (&10 nm). Le
Picard and Girshick express this limit as the maximum amount of electrons

∣∣ qA
e

∣∣ on a
particle with radius R in their equation 3 [64]. They take this expression from the
widely cited textbook about dusty plasmas edited by Bouchoule [13], where it must
be noted that equation 79 of that publication contains minor typographic errors. The
correct expression, as also used by Le Picard and Girshick, reads:∣∣∣qA

e

∣∣∣ =
(

4πε0A∞
e2

)
R+ 3

8 , (2.46)

with ε0 the vacuum permittivity, A∞ the electron affinity of the uncharged bulk
material and e the elementary charge.

This appears to have large implications on typical plasma particle charging situa-
tions. For many typical plasma parameters and particle materials, the limit is lower
than the results from OML (see section 2.1), which is the method most commonly
used to calculate the charge on particles in a plasma. These implications seem to hold
for all sizes of particles, since both OML and the limit scale linearly with particle size.

Below we will show that this is, however, not the case; equation 2.46 is not valid
for larger particles. It must be noted that while the work of Le Picard and Girshick
focuses on particles “in the nanoscale regime,” their figure 1 extends well beyond this
(up to 100 nm). To show that equation 2.46 is not valid for particles & 10 nm, we
first need to look at the energy landscape for an electron on a charged particle. Using
this, we will derive both the electron affinity, as well as the field emission limit, and
show when they are applicable.

2.7.2 Potential energy
Figure 2.18 shows the simplified potential energy landscape for an electron at distance
r away from the center of a negatively charged particle with radius R. It is shown for
a high (black solid) and low (red dashed) charge on the particle.

For r < R, the electron is on the particle and in a potential well. This well is
caused by the electron affinity of the uncharged particle

An = A∞ −
5
8

e2

4πε0R
. (2.47)

A∞ is the electron affinity of the uncharged flat bulk material, and the second term
accounts for the changed affinity of a spherical particle compared to the flat bulk; i.e.
due to the surface curvature [96].

For r > R, there is a decaying potential due to the negative charge on the particle.
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Figure 2.18: Schematic potential for an electron on and near a particle of radius
R with a high charge (A < 0; black solid line) and a low charge (A > 0; red dashed
line). The dotted line indicates the tunneling of an electron leaving the particle.

It is the electric potential energy Ve for an electron near a sphere with charge Q:

Ve = −e · Q

4πε0r
. (2.48)

From this we can then derive the electron affinity A. This is basically the potential
energy difference for an electron on the particle (r < R) compared to when it would
be infinitely far away in free space (r →∞).

A = An − Ve(R) + Ve(∞). (2.49)

A = A∞ −
5
8

e2

4πε0R
−
(
| qe | − 1

)
e2

4πε0R
. (2.50)

We have used Q = −(| qe | − 1)e (i.e. all other electrons on the sphere). Note that this
last expression differs from equation 2 in Le Picard and Girshick, by the ‘4’ in the
denominator of the second term, which was mistyped by Le Picard and Girshick, but
which they did use correctly in the derivation of their equation 3.

Le Picard and Girshick [64] state that A can never be negative, because in that
case electrons would spontaneously leave the surface for the energetically favorable
free space. Thus using A = 0, they arrive at the above equation 2.46.

Figure 2.18, however, shows that the question whether electrons will stay on the
particle is not only a matter of a positive electron affinity A, but also of whether the
electrons can tunnel through the potential barrier (dotted line in figure 2.18). This is
likely to be the case for electrons on small particles, but will no longer hold for large
particles.
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2.7.3 Electron tunneling
The tunneling of electrons through such a barrier is actually used in the derivation
of the electron field emission [36]. This was first derived for flat materials in an
externally applied electric field. In this case, the potential would linearly decay
outside the material instead of the exponential decay in figure 2.18. This means
that there will always be an energetically favorable position to tunnel to. Only
with decreasing external electric field, the tunnel distance increases and the tunnel
probability decreases.

In the present case, the electric field decays exponentially (equation 2.48) and
there will only be an energetically favorable position if A ≤ 0. The electron then has
to tunnel from r = R to r = rt (dotted line in figure 2.18), defined by the potential
energy V (rt) = V (0) = Ve(R)−An, with An = A∞ − 5

8
e2

4πε0R
the electron affinity of

the uncharged particle.
Using the WKB approximation [38], we find the tunneling probability

T ∼= exp
(
−2
~

� rt

R

√
2me · (Ve(r)− Ve(rt))dr

)
, (2.51)

with me the electron mass. This is the probability for an electron to tunnel through
the barrier instead of being reflected by it.

We assume electrons just bounce around on the particle and arrive at the barrier
with a typical frequency v/2R, with v the speed of the electrons on the particle. For
this we take the thermal velocity of the particles in thermal equilibrium with the
particle at temperature Tp; i.e. v =

√
2kTp/me, with k the Boltzmann constant.

Therefore, the total probability of an electron tunnelling from the particle per unit
time is

pt =
∣∣∣q
e

∣∣∣ ·√2kTp
me

1
2R · T. (2.52)

Note that the frequency and velocity are rough estimates, but will have little influence
on the end result. This is because the tunnel current only scales linearly with them,
while T changes by many orders of magnitude in the region of interest.

2.7.4 Particle charge
The tunnelling probability should be added as an extra current in OML theory. The
particle charge is then determined by a balance of three currents: the electron collection
current, the ion collection current and the tunnel current. These currents are shown
as function of the particle charge in figure 2.19a and b for respectively a 2 nm and a
10 nm diameter particle.

The direction of the electron collection current is away from the particle (i.e.
electrons moving towards it), thus decreasing the net particle charge. Both the ion
collection and tunneling current are towards the particle, increasing its net charge.
For an uncharged particle, the electron collection is the largest current. Therefore,
particles in a plasma will charge negative. This negative charging will continue until
the electron collection current is balanced by the ion collection and tunnel current.
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Figure 2.19: Currents to and from a Si particle (A∞ = 4.05 eV [64]) of diameter
(a) 2 nm and (b) 10 nm due to electron collection (blue solid line), ion collection
(red dashed line) and electron tunneling (black dotted line) in an argon plasma
with density n = 7 · 1014 m−3 and temperatures Te = 2 eV and Ti = Tp = 300 K.
The black vertical dash-dot line is the charge limit according to equation 2.46.
Note that in reality particles can only have integer value charge.

For the 2 nm particle (figure 2.19a), the tunnel current (dotted black line) quickly
becomes significant when the particle charges below the limit from equation 2.46
(vertical black dash-dot line). The equilibrium particle charge will then be determined
by the balance of the electron collection (blue solid line) and the tunnel current (dotted
black line), slightly below the limit from equation 2.46.

Note that in reality the particle can only have integer value charge. A collected
ion or a tunneled electron will increase the net charge by 1 e and a collected electron
will decrease the charge by 1 e. Therefore, the real particle charge will be fluctuating
at integer values around the equilibrium charge. For the sake of visualisation we have
also drawn the currents for non-integer charges.

For the larger 10 nm particle (figure 2.19b), the equilibrium particle charge is
determined by the electron (blue solid line) and the ion (red dashed line) collection
current. At this equilibrium, the tunnel current is negligible, even though the charge
is beyond the charge limit from equation 2.46. The tunnel current only becomes
significant at more negative charges where the tunnel distance and potential decreases.

The black line in figure 2.20 shows the real charge limit, determined by balancing
the electron collection and tunnel current (thus ignoring the larger ion collection
current). The blue line is the OML charge from balancing the ion and electron current.

Note that the charge limit could not be determined for the larger particles, because
at this charge limit the electron collection current is reduced by over 300 orders of
magnitude compared to the OML charge. This is due to the exponential dependence of
the electron collection current on the particle charge in OML. The current diminishes
when the charge is decreased to high negative values far beyond the OML charge
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Figure 2.20: The real charge limit, as calculated in this paper by balancing the
electron attachment and tunnel current (black line) for particles of different sizes.
The OML mean charge (from the balance of electron and ion collection current)
is shown in blue line. The field emission limit, determined by taking a constant
electron influx is shown in solid red for comparison to equation 2.53 (dotted red).

before a balance with the tunneling current is found. Therefore, it is obvious that the
charge limit is irrelevant for these large particles.

As discussed above, the tunnel current limit is actually the same as the electron
field emission limit. Le Picard and Girshick [64] use an expression from Draine and
Sutin [28] for this: ∣∣∣q

e

∣∣∣ = 1 + 0.7
(

R

1 nm

)2
. (2.53)

We can arrive at this result by not balancing with the plasma electron current, but
with a seemingly arbitrary (see below) constant current I = e · 4πR2/1s, i.e. one
electron charge per second per square meter of particle surface. This is shown by the
red line in figure 2.20 (compare with dotted red line: equation 2.53).
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2.7.5 Discussion
We have made a number of assumptions in the above derivation for the sake of
simplicity. One of the most important ones is that we only look at the tunnelling of the
extra electrons on the particles and neglect the contribution from the tunnelling of the
atom-bound electrons already on the uncharged particle. This assumption simplifies
the electron flux and tunnel probability. In reality, one should also include the bound
electrons and integrate over an energy-dependent flux and tunnel probability (as e.g.
in [36, p. 25]).

Another simplification is the potential in figure 2.18. We took an abrupt potential
step at the particle edge (r = R). In reality, there will not be a sharp potential peak;
it will be rounded [36, p. 9]. This will slightly decrease the potential barrier and
therewith increase the tunnel current.

Note that this potential decrease is e.g. important for Schottky emission. This
is a form of thermionic emission, enhanced by an electric field. It is caused by hot
electrons passing over the potential barrier. The electric field eases this by decreasing
the barrier magnitude. This current is mainly important at high temperatures and
relatively low electric fields in, for example, electron guns.

Le Picard and Girshick [64] use the critical electric field value of 107 V cm−1 above
which electron field emission appreciably occurs, following Draine and Sutin [28],
which in turn cite Gomer [36], where the field limit was originally postulated. Gomer,
however, treats the case of a flat surface in an external electric field. Given the
tunnel derivation above, one should be aware that there is no real lower limit on the
required electric field. For flat surfaces in external electric fields, there will always
be an energetically favourable position away from the surface. The tunnel current
will decrease with decreasing electric field and increasing tunnel distance, but it will
never completely vanish. Therefore, Gomer never talks about a critical value. He
only says that “fields of the order of 3 - 7× 107 v/cm are necessary for appreciable
field emission” [36, p. 32] and that “current densities of 102 - 103 amp/cm2 can be
expected for fields of 3 - 6 × 107 v/cm” [36, p. 9]. The ‘critical’ value is, therefore,
based on what one finds ‘appreciable’. Above we took the, seemingly random, value
of I = e · 4πR2/1s to match the expression by Draine and Sutin [28] (equation 2.53),
who, unfortunately, do not specify what they find ‘appreciable’.

Note that, in the case of field emission from a charged sphere instead of a flat
surface, there will be a real critical electric field. This is given by equation 2.46.
Although, as we have seen above, even an electric field above this value will not
necessarily mean that there is an appreciable tunnel current.

Gallagher [34] has also derived a particle charge limit based on electron tunnelling.
This was done for small, nanometer size, particles growing in a silane discharge. It is
found that the electron tunneling is relatively fast for these small particles, leading to
a charge limit similar to the electron affinity limit, as Le Picard and Girshick show in
their figure 1 [64]. This limit should, however, not be extrapolated to larger particles,
where the tunnelling is no longer a fast process, as shown above.

Finally, one should note that the same electrostatic potential (figure 2.18) is used
both in the derivation of the charge limit above and the electron collection current in
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OML. Only for the charge limit, one assumes the particles tunnel through the potential
barrier, while OML assumes the fastest plasma electrons can go over the potential
barrier.

2.7.6 Conclusion
The single particle charge limit based on electron affinity and electron field emission,
presented as separate limits by Le Picard and Girshick [64], both describe the same
physical process but with different approaches. The limit is caused by electrons
tunnelling away from the particle. Therefore, it is only relevant for small particles, in
which this tunnelling current is significant. Its relevance in plasma charging should be
determined by balancing of the electron tunnelling and collection current.

While plasma-produced particles up to several nanometers are actively studied and
have numerous applications, see e.g. [60], and the proposed charge limit has significant
implications for plasma-confined particles in that regime, as shown nicely by Le Picard
and Girshick, we found that for typical plasma parameters the tunnelling current can
be neglected for particles around 10 nm diameter and larger. Therefore, the limit is
not relevant for the charge on these particles.

In this thesis we only look at particles in the micrometre size range. Therefore, we
can neglect the charge limit.
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3
Experimental setup

The plasma force has been theoretically introduced in chapter 1. In chapter 2 we
have, however, seen that there is a variety of theoretical estimates of its magnitude.
These vary by orders of magnitude and they predict different dependencies on plasma
parameters and particle sizes. Needless to say, this is not very useful for the development
of a cleaning tool.

Up to now, no accurate quantitative measurements exist of the lofting force in
literature. Experiments have only demonstrated a qualitative existence of the plasma
force and put a lower limit on its magnitude; e.g. ‘it is stronger than gravity’. Therefore,
there is a clear need for quantitative plasma force measurements.

In this research we have, for the first time, experimentally measured the magnitude
of the plasma lofting force. For this we have built a number of experimental setups,

Parts of this chapter have been published in L. C. J. Heijmans and S. Nijdam, Triboelectric and
plasma charging of microparticles, Europhysics Letters (2016) [47].
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Figure 3.1: Schematic representation of the setup with the particle (brown) on a
surface (grey) in a plasma (pink). The electric field E, probe force Fprobe (varying
in magnitude), the plasma force Fplasma and adhesive force Fadh are indicated
(not to scale).

which will be explained in this chapter. They are all based on the idea of using a
probing force to balance the forces acting on a particle (section 3.1). This probing
force needs to be a known and controllable force. We have built different setups that
use different forces as a probing force. Two setups use an inertial force from either
vibrations (section 3.2) or a centrifuge (section 3.3). A third setup uses radiation
pressure (section 3.4). The setups all use a capacitively coupled RF plasma (section 3.5)
and polymer particles (section 3.9) that are imaged using a camera (section 3.10). In
addition to these direct force measurements, we have also measured the charge on
the particles. This is done by accelerating them in an externally applied electric field
(section 3.13).

3.1 Force measurement principle
The experimental method is based on the use of a probe force. This is used to balance
the forces on the dust particle; i.e. finding the required probe force to just remove
the particle from the surface (figure 3.1). This is measured both with and without a
plasma. The difference in required probe force should be equal to the plasma force.

Our measurements start by determining the adhesive force. This consists mainly
of the Van der Waals force. It is the most important counter force to the plasma force.
For a cleaning force to be effective, it should at least be able to overcome the adhesion.
The Van der Waals force between a particle and the surface highly depends on the
distance between the particle and the surface and therewith the exact particle and
surface topology and roughness. Therefore, theoretical estimates can differ orders of
magnitude. The expected adhesive force on a 1 µm particle ranges from 1 pN [29]
to 1 µN [62] (see appendix A). Given this large spread, we need to experimentally
determine the adhesion in our setup before we can say anything about the effect from
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the plasma.
We measure the adhesion by counteracting this force with a probe force. At this

stage we do not use the plasma yet (Fplasma = 0). We start with a low probing force
and slowly increase its magnitude. Simultaneously, we monitor the dust particle with
a camera (see section 3.10 below). When the probe force is equal, but opposite, to
the adhesive force (Fprobe = Fadh), there is no net force holding the dust particle to
the surface. Therefore, it will get released. Using this, we can determine the adhesive
force.

Next, we repeat this procedure, but with a plasma applied. Again, we apply a
known force and look for the minimum required probing force to get removal; i.e. a
zero net force. Now this probing force should be equal to the adhesive force minus
the plasma force (Fprobe = Fadh − Fplasma). Using the adhesion measured before, we
can now determine the plasma lofting force. This should be equal to the reduction in
required probe force.

So far we have not specified anything about the nature or origin of the probing
force. Basically this technique is independent of this and we can choose a force to our
liking.

There are a lot of forces in physics. A usable probing force, however, needs to
fulfil certain criteria. Firstly, it should be known; it should be easy to determine the
magnitude (and direction) of the force that is applied on the particle. Secondly, it
should be easily controllable. We want to start with a low force and gradually increase
it over time. Thirdly, the force on the particle should be high enough to overcome the
adhesive force. And fourthly, it should be applicable in a plasma environment. We
will discuss a number of force options here.

An atomic force microscope (AFM), as the name suggests, is made for measuring
forces between atoms. This makes it ideal to measure adhesive forces. It, however, can
not directly measure the adhesive force on a particle on the surface. It measures the
force between its tip and the surface. Therefore, a tip has to be made that resembles
a particle. With this, one can then measure the force between this particle-shaped
tip and the surface. This force may, however, differ from the real particle adhesive
force, depending on how this tip is brought in contact with the surface. Another
disadvantage is that the AFM can not be employed in-situ. An AFM is a highly
specialised apparatus which is not easily combined with a violent plasma environment.
Therefore, an AFM is not suitable for the present research.

Another force option is a magnetic force. This can be exerted on a particle using an
electromagnet. Getting a high enough force to overcome the adhesive force using this
is, however, challenging. Furthermore, theoretically determining the exact magnitude
of the force is difficult (see appendix B for detailed calculations). Additionally the
magnetic field will disturb the plasma. Due to these difficulties, a magnetic force is
also not suitable for our present application.

Another option is using inertial forces. These occur when the surface with the
particle accelerates. This causes a pseudo force equal to the acceleration times the
particle’s mass. Two options to induce such an acceleration are vibrating the surface
or employing a centrifuge. Both these options have been used. They are discussed in
more detail in respectively section 3.2 and 3.3.
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The last force that has been used is due to radiation pressure. When a beam
of light hits a particle, it will cause a force on it, because the particle will refract
and reflect the incoming photons. Momentum conservation, therefore, dictates that
the particle will start moving in the direction of the incoming beam. This force is
employed in the radiation force setup explained in section 3.4.

3.2 Vibration
When a surface accelerates, and we look in a frame of reference moving with the
surface, there will be an inertial force on particles sticking to and moving with this
surface (section 3.2.1). We have implemented this force by vibrating the surface. This
is done using a piezo actuator, where we use the inverse piezoelectric effect to control
the height of the surface by applying a voltage (section 3.2.2).

3.2.1 Theory
The acceleration in our setup is generated by vibrating the surface. If the vibration is
sinusoidal, the position of the surface can be described with

x = x(0) + xmax
2 sin (2πft) . (3.1)

Here x(0) is the initial position, xmax is the maximum displacement of the surface, f
is the vibration frequency and t is the time. The surface acceleration is then given by

a = d2x

dt2 = d2

dt2
xmax

2 sin (2πft) = −2π2xmaxf
2 sin (2πft) . (3.2)

The maximum of this acceleration is

amax = 2π2xmaxf
2. (3.3)

We now take a frame of reference that moves with this surface. A particle on
this surface and moving with it will be stationary in this frame of reference. It will,
however, experience an inertial force

Fvib = a ·m (3.4)

with m the particle mass. If the vibration frequency is high enough compared to the
increase in force, removal will likely happen when the force is at a maximum

Fvib = amax ·m = 2π2xmaxf
2m. (3.5)

A disadvantage of the vibration setup is that the force on the particle is not
constant. Like the surface, it follows a sinusoidal movement. Half the time, the force
is actually pressing the particle into the substrate. The maximum removal force is
only achieved shortly every cycle. Furthermore, one has to think about the gas flows.
The vibrations may cause the gas to move and influence the particle.
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3.2.2 Piezo actuator

To create the vibration one can use piezo actuators. These devices use the inverse
piezo electric effect i.e. they change in size depending on the voltage that is applied
over them. Therefore, by applying a sinusoidal voltage to it, the top surface of a piezo
can be made to vibrate in a sinusoidal motion.

In the present research we use a small piezo actuator. Smaller piezo actuators
generally have a higher resonance frequency and can, therefore, attain a higher
acceleration. We use a PICMA PL022.31 [140]. This has a size of 2× 2× 2 mm3 and a
resonant frequency of 600 kHz. Its maximum displacement is 2.2 µm. Theoretically it
can thus supply accelerations up to 1.6·107 m/s2, or 1.6·106g0 with g0 the gravitational
acceleration on earth.

In practice the maximum acceleration will be lower. The resonant frequency will
be lowered when a mass, that has to be accelerated, is added. To minimise this effect,
the electrode and its attachment has to be as small and light as possible. This is
implemented by using only the bare top of the piezo actuator as a non-conducting
surface, or coat it with a thin gold layer as a conducting surface.

Additionally, the acceleration is limited by the power supply. The piezo element
electronically acts like a capacitor. The power supply should deliver enough charge fast
enough to the piezo element to get the right voltage across it. The current required
for this is

I = C
dV
dt = πfCVpp cos (2πft) . (3.6)

Here C is the capacitance of the piezo element, V is the voltage over the piezo element
and Vpp is the peak to peak voltage that is supplied to the piezo element. The piezo
element has a capacitance C = 25 nF. Under normal conditions it is operated from 0
to 100 V. At 600 kHz, this thus requires a peak current of 5 A.

3.2.3 Displacement measurements

The movement of the piezo actuators was measured using a Keyence LK-H800 displace-
ment sensor at a measurement frequency of 200 kHz. The displacement of the piezo
was, however, less than the measurement noise. Therefore, we Fourier-transformed
the measured displacement. This spectrum shows a clear peak at the frequency equal
to the frequency of the applied voltage. The amplitude of this peak is used as the
amplitude of the piezo vibration. Note that this ignores any piezo movement at other
frequencies than the applied one. According to Nyquist’s theorem the maximum
measurable frequency is 100 kHz. For higher frequencies we used the folded-back
frequency peak in the Fourier spectrum.

Unfortunately, the displacement sensor needs to be within tens of millimetres from
the measured surface. Therefore, we have not been able to measure piezo movement
in-situ, but could only calibrate this ex-situ.
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Figure 3.2: Acceleration of the piezo actuator as function of (a) the frequency
and (b) the voltage (before amplifier). At (a) a voltage of 2 V and (b) a frequency
of 97 kHz. The red line in (a) shows the theoretical acceleration from equation 3.3
given the piezo specifications and an ideal power supply.

3.2.4 Acceleration
As discussed above, we want to start with a small force and gradually increase this
over time. Since the force is dependent on the piezo acceleration, there are two ways of
increasing the force. Either increasing the amplitude or the frequency of the vibrations
(equation 3.5). Figure 3.2 shows measurements of the piezo acceleration as function of
the voltage frequency and amplitude.

The graphs show data from a few measurement series at different days. Data
points from the same measurement series are connected by lines. This shows that
there is much more deviation between data attained in different series than between
measurements in a series. This day-to-day variation is significant even though we tried
to keep all conditions constant. This will cause an uncertainty in the quantitative
end results obtained using this setup, because we cannot measure the acceleration
in-situ and are dependent on determining it from calibration measurements like those
in figure 3.2. These errors are minimised by alternating measurements between two
sets that will be compared. This reduces any external influence, as this will then
equally change both sets.

Theoretically one would expect the acceleration to increase with the square of
the frequency. Figure 3.2a, however, shows significant deviation from this theoretical
prediction (red line). This is due to a number of complications.

A first limitation is due to the power supplied to the piezo. This is provided by a
Falco Systems WMA-300 DC high voltage amplifier. This can provide voltages up to
150 V, currents up to 300 mA at frequencies up to 5 MHz. Theoretically, this amplifier
should amplify the input voltage fifty times. However, since the piezo electronically
acts as a capacitor, the voltage over it will be limited by the available current at
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Figure 3.3: Example of a voltage signal applied to the piezo actuator. Note that
in reality the timescales of the ramp and the sine differ much more.

high frequencies (equation 3.6). This reduction in voltage results in a reduction in
movement amplitude and thus acceleration.

The voltage over the piezo has been measured. It is observed that the maximal
amplitude provided by the amplifier is less than one tenth of its optimal 100 V for
certain circumstances. This effect becomes more significant at higher frequencies. This
is probably the main cause of the deviation between the measured acceleration and
the theoretical acceleration at high frequencies in figure 3.2a.

Additionally, the graph does not look as smooth as one might expect. This is
likely due to resonance frequencies. This can be mechanical resonance in the piezo
movement and electrical resonance in the power supply and cables.

Figure 3.2b shows how the piezo acceleration depends on the amplitude of the
voltage that is supplied to the piezo power supply. This dependence is much smoother.
Theoretically one would expect a proportional dependence of the acceleration on the
amplitude. This is similar to what is experimentally found.

In the experiments we will keep the frequency constant and vary the amplitude. This
evades any complications from resonances. Furthermore, it allows easy interpolation
over the smooth amplitude versus acceleration graph.

3.2.5 Electronics
It is important to avoid steep voltage steps at the start of the experiment. These will
cause high accelerations of the piezo surface, that may remove all particles from the
surface even before the experiment has started.

The piezo can only handle positive voltages. When applying a sinusoidal voltage it
should have an offset to prevent negative voltages. This offset should be at least as
high as the amplitude of the sine. To prevent voltage steps, we need to slowly increase
the offset together with the amplitude over time (figure 3.3).

To create such a signal we use an analogue multiplier. This multiplies two signals
created by two function generators. The first function generator creates our ideal
maximal signal. This is a sine with equal offset and amplitude. The second function
generator creates a positive ramp starting at 0 V with a rise time equal to the total

69



CHAPTER 3. EXPERIMENTAL SETUP

measurement time. The multiplication of these two gives a shape like in figure 3.3.
Because both function generators only create positive voltages, the multiplier will only
create positive voltages. This signal is finally amplified by the high voltage amplifier
and applied over the piezo.

The ramp rise time and the sine frequency can be set independently. They are
chosen such that the ramp rise time is much longer than the sine period (typically
100 s and 10 µs). This way particle removal will likely happen at a force maximum.
Therefore, equation 3.5 is valid.

3.2.6 Discussion
We can conclude that a vibration force can be used as a probing force. The vibration
setup, however, has a number of disadvantages. One disadvantage from the use of the
piezo actuators is the uncertainty in their acceleration.

Another intrinsic disadvantages is that the force fluctuates with the vibration
frequency. It is not only removing the particles from the surface, but also pushing
them towards the surface, half of the time.

This behaviour may lead to unwanted effects. Some of these are illustrated in
appendix C. These mainly occur with the presence of clusters of particles, that can
roll around over the vibrating surface. The clusters have a higher mass than single
particles; therefore, they experience a higher vibration force. Their adhesion depends
on the contact surface, which depends on the shape of the cluster. This may vary
greatly from cluster to cluster, depending on the individual particle positions. We,
therefore, try to minimise the amount of clusters in the experiments and only count
results from single, isolated, particles.

3.3 Centrifuge
A second setup, also based on inertial forces, has been developed to circumvent the
disadvantages of the vibration setup. This uses the principle of a centrifuge. In a
centrifuge the force is always pointing outward and can easily be calculated from
the rotational frequency, without the need for a calibration (section 3.3.1). For our
research we need extremely high centrifugal accelerations, up to a million times the
gravitational acceleration. Therefore, we use a custom-made solid magnesium disk
that spins up to 200 000 rpm (section 3.3.2).

3.3.1 Theory
An inertial pseudo force will push a particle outwards when it is moving in circles in a
centrifuge. The magnitude of this centrifugal force is

Fcent = mRcentω
2 (3.7)

Here m is the particle mass, Rcent is the radius of the centrifuge (the distance from the
particle to the centre of the centrifuge) and ω is the angular frequency. The G-force of
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a centrifuge can be calculated by dividing this force by the gravitational force Fgrav:

G = Fcent
Fgrav

= mRcentω
2

mg0
= Rcentω

2

g0
(3.8)

where g0 is the gravitational acceleration.
A 10 µm polystyrene particle (density: 1.05 g/cm3) has a mass m = 4.4 ng. Under

normal gravitational conditions (g0 = 9.81 m/s2) this would cause a gravitational
force Fg = 43 pN. The adhesive force for such a particle might be between 100 pN and
10 µN. Ideally the centrifuge should thus be able to deliver G-forces up to G = 106.
This is rather high and technologically very challenging.

The needed G-force could be lowered by using heavier particles. This could be
achieved by using bigger particles. With a bigger particle, the mass increases with
the particle radius to the power three, while the adhesive force increases only roughly
linearly with the radius. However, small particles are more interesting for most
applications (see section 1.4).

Two possible methods to implement a centrifuge will be discussed below.
Firstly, the vacuum vessel could be put on the arm of a centrifuge. The entire vessel

would swing around a central axle, somewhere outside the vessel. The centrifugal force
would thus act on the whole vessel and everything in it. This configuration would
allow for a relatively long arm (1 metre). It would, however, have to be strong as it
has to support the weight of the vessel multiplied by the G-force.

This configuration has the advantage that all diagnostics (camera/laser) can be
rotated with the centrifuge. Therefore, the created image of the particle can be
stationary in the rotating frame. A disadvantage is that balancing such a big rotating
device is not trivial; and good balancing of this setup is crucial for surviving the
centrifugal forces.

Assuming an arm of 1 m, this centrifuge would have to spin at 16 Hz for a
103g0 acceleration. The vessel would then move at 99 m/s. For a 106g0 acceleration,
a frequency of 498 Hz with a vessel speed of 3.1 km/s would be required. More
combinations of arm length, required acceleration and frequency can be found in
figure 3.4.

Besides the centrifuge arm itself, all equipement would also have to be sturdy. As
all diagnostics are swinging around with the particle, they are all subject to high
G-forces.

Alternatively, in stead of swinging around the entire vacuum vessel, the rotating
part could be placed inside a vacuum vessel. This would allow for a centrifuge with a
smaller radius (<0.1 m). Therefore, a higher rotation frequency is required to attain
the same acceleration (figure 3.4).

This setup has the advantage that it is much easier to balance. The rotating part
is smaller and can be uniform in mass. This reduces the forces on all parts of the
setup, making it easier to design and build.

This arrangement, however, also has some disadvantages, because not the entire
vessel is moving. It will be more difficult to image the moving particles from a
stationary camera. Also, the particles might experience forces from gas flows; the
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Figure 3.4: Required rotation frequency (continuous lines, left axis) and tip
speed (dotted lines, right axis) for centrifuges with different radii Rcent to attain
different G-forces (text in graph). The dash-dot lines are the used radius (vertical
line) and maximum frequency (horizontal line, left axes) of the disk (section 3.3.2)

stationary gas moves relative to the moving particles. The force exerted by this flow is
also influenced by the boundary layer flow developing above the surface of the rotating
centrifuge.

3.3.2 Disk
The centrifuge that has been used for the present experiments is of the second type
explained above. It is a small (5 cm diameter; vertical dash-dot line in figure 3.4)
spinning disk with particles applied to its edge (figure 3.5). Due to the spinning
motion, the particles on the edge of the disk will feel an outward force, pulling them
away from the surface.

The disk can spin up to 200 000 rpm or 3.3 kHz (horizontal dash-dot line in
figure 3.4), resulting in G forces up to one million g0. This is enough to tear apart
most materials. We have used disks made of two different materials: magnesium
and titanium. Titanium is strongest of these two, but magnesium is lighter, making
them the two most suitable materials for our centrifuge. Most of the measurements
presented in this thesis are done using the magnesium disk. The disk is not of uniform
thickness, but is thicker near the centre, because the centrifugal stresses are largest in
this part of the disk (see also [6]).

Side note: if the disk would be any bigger, spin any faster or would be made out of
different material it would disintegrate due to the centrifugal forces. This centrifuge has
been specially designed for this purpose and is at the limit of the material possibilities.

The disk is suspended by two high-speed vacuum bearings as shown in figure 3.5.
It is driven by a commercially acquired special high-speed motor, Celeroton CM-2-
500 [136]. There is a rubber rod connecting the motor to the disk to compensate any
misalignments (see also [92]). This is all placed inside the vacuum vessel; there are no
high-speed rotational feed-throughs.
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Figure 3.5: Schematic representation of the centrifuge setup (not to scale). Two
views are shown. The spinning disk and the axel are shown in grey, the particle
on it in brown, the motor in blue, the connecting rubber in black and the bearings
in red.

When the disk is spinning at full speed, it stores a large amount of rotational energy.
Because of this, special precaution has to be taken to protect the experimenters and
the environment, in case anything goes wrong. Therefore, an enclosure is made out
of concrete and stainless steel. This is placed around the vacuum vessel during the
experiments for safety (see appendix D for further details).

3.3.3 Sensor
The high-speed motor that is used in this setup is driven by a specialised high-
performance motor controller operated from a computer. The controller has an
internal sensor for the motor rotation velocity, that can be read back on the computer.
It is based on measurements of the current and voltage supplied to the motor [136].

In addition to this, there is a second sensor measuring the disks rotation. For
this purpose, half the head side of the disk (opposite to the motor in figure 3.5) is
darkened with a marker. A simple reflectance sensor is then used to measure whether
the light or the dark half of the disk is up. This sensor is connected to an Arduino
microcontroller [135] that counts the amount of light-dark transitions per unit time.
This rotational frequency is then sent to the computer.

Usage of this extra sensor has some advantages over the internal motor sensor.
Firstly, it measures the velocity of the disk, not the motor. Therefore, comparison
between the two sensor results will tell us if the joint between the motor an the disk
is working. Secondly, the motor sensor is unreliable below 600 rpm, due to the used
electronics. Thirdly, the additional sensor can easily be synchronised with the imaging
camera (see section 3.10), by sending trigger pulses from the Arduino to the camera
at set times.
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3.4 Radiation
A high-power laser pulse can exert a radiation pressure force on a particle. This is
due to the transfer of momentum from the photons to the particle. It can be used
as a probing force. Below we will first show theoretical calculations of the radiation
pressure force. This results in requirements for the used laser. Thereafter, we will
show a practical demonstration of the radiation force.

3.4.1 Theory
When a laser illuminates a particle, the radiation force is [74]

Frad = qnnπR
2I

c
. (3.9)

Here n is the refractive index of the medium, R is the particle radius, I is the laser
intensity and c is the speed of light. qn is a dimensionless factor depending on the
particle’s shape and refractive index, but independent of its size and the laser intensity.
It is determined by the reflection, transmission and absorption of photons. If all photons
are absorbed qn = 1. For a flat disk at normal incidence that reflects all the light
qn = 2. Liu et al. [74] have determined qn = 0.94± 0.11 for melamine-formaldehyde
microspheres.

To determine the required laser power, we multiply the intensity with the beam
area. This area needs to be only as large as the particle (πR2). Therefore, by rewriting
equation 3.9 we get for the required laser power

P = I · πR2 = Fradc

qnnπR2 · πR
2 = Fradc

qnn
≥ Fadhc

qnn
(3.10)

where in the last inequality we have required that the radiation force Frad should
be bigger or equal to the adhesive force Fadh for this method to work. For a 10 µm
particle, the adhesive force can be up to 10 µN. This results in a required laser power
P = 3.2 kW, which is quite high. The only dependence on particle size is through the
adhesive force Fadh. This scales approximately linear with the particle size. E.g. a
factor 10 reduction in particle size, results in a factor 10 reduction in adhesive force,
and thus a factor 10 reduction in required laser power. Thus by using smaller particles,
lower laser power is required. Note that this scaling is limited by the focus spot size of
the laser beam. We have assumed that all laser power is focused on the particle. This
is only valid as long as the particle is bigger than the laser spot size. The minimum
laser spot size is in the order of the wavelength of the light. This makes it basically
impossible to go to small enough spots to use lasers with powers in the order of 1 W.

An option is to use pulsed lasers. These generally have a lower average power, but
a higher peak power. The short, but intense, laser pulse might shortly lift the particle.
This might be enough for complete removal, because the adhesive force quickly reduces,
as the particle moves away from the surface.

To determine whether a short laser pulse is enough to remove a particle, we have
created a simple simulation. We assume that there are two forces acting on the particle.
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Figure 3.6: Height of the particle above the surface (black line, right axes),
adhesive force (blue line) and radiation force (red line), during and after a laser
pulse with power 10 kW and duration (a) 1 ns and (b) 2 ns.

The adhesive force Fadh = AR
6D2 (equation A.13) and the radiation force Frad = Pqn

c
(equation 3.10). Here, A is the Hamaker constant with a typical value of A = 10−19 J.
D is the distance between the surface and the particle. We monitor this value during
the simulation. As initial condition we take a typical value of D(0) = 0.1 nm, leading
to an initial adhesive force Fadh(0) = 8.3 µN for a 10 µm diameter particle. To
simulate a laser pulse we set Frad(t > t1) = 0. Here t is the time, and t1 is the
duration of the laser pulse.

Figure 3.6a shows the result of such a simulation for a laser power of 10 kW during
1 ns. It shows the distance D from the particle to the surface in black (right axis) as
well as the adhesive and radiation force in respectively blue and red (left axis). The
particle can be seen to accelerate upwards during the laser pulse. After the laser pulse,
the particle continues to move away from the surface. It is, however, decelerated by
the adhesive force, which finally returns it to the surface. It is clear that the adhesive
force is significantly lowered when the particle distance is increased.

If the laser pulse length is increased, the particle is accelerated upwards more
(figure 3.6b). This results in a higher upward velocity and a larger particle-surface
distance, diminishing the adhesive force and removing the particle from the surface
completely. A similar effect occurs when the laser power is enlarged.

Figure 3.7a shows the minimum adhesive force that can be reached with different
laser pulse powers and durations. This shows that, for pulses longer than 10 ns, a
minimum laser power between 2 and 3 kW is required for anything significant to
happen. At slightly larger laser powers the adhesive force can be easily diminished.
For pulse durations shorter than 10 ns, the power needs to be increased. Note that
the 2 to 3 kW is slightly lower than the 3.2 kW reported above. This is because above
we used an adhesive force of 10 µN, while the simulation has an initial adhesive force
of 8.3 µN. Filling in this value in equation 3.10, we get a required power of 2.6 kW.
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Figure 3.7: Minimum of the adhesive force after laser pulses of different durations
(text in graph) as function of (a) pulse power and (b) pulse energy.

This is in agreement with the simulation results.
The energy in a laser pulse is equal to the multiplication of the pulse power and

duration. Figure 3.7b shows the minimum reached adhesive force as function of the
pulse energy. This shows a minimum required energy between 10 and 20 µJ. Longer
pulse durations require higher energy, because these are limited by the pulse power.

We have thus seen that there are two requirements for an effective laser pulse. A
minimum pulse power and a minimum pulse energy. Both of these can be understood
theoretically. Firstly, the pulse power needs to be high enough to generate enough
radiation force to overcome the adhesive force and cause any movement of the particle.
Secondly, the total kinetic energy induced in the particle should be high enough to
overcome the adhesive potential.

Figures 3.8a and 3.8b show respectively the required laser pulse power and energy
as function of the particle size. This is shown for different pulse durations. It is clear
that for each particle size there is a minimum energy and power required. Which of
these is the limitation depends on the pulse duration. Furthermore, it can be seen that
both the required pulse power and energy decrease for smaller particles. This is to be
expected, due to the decrease in adhesive force for smaller particles (equation A.13).

Note that we have assumed that all laser power is focused on the particle. This is
not valid for small particles. The exact limit of this depends on the focussing optics.
This limit is in the order of the wavelength of the light. Therefore, we can assume
the found relation to hold down to particles between 0.1 and 1 µm. Below this, no
decrease in required laser power is expected.

A possible problem is caused by the heating of the particle. Using the specific heat
capacity cp, we can find the increase in temperature

∆T = Q

cpm
= Q

cp
4
3πR

3ρm
. (3.11)
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Figure 3.8: Required laser (a) pulse power and (b) pulse energy of different
durations (text in graph) to remove particles from a surface as function of the
particle size.

Here m is the mass of the particle. This is equal to the particle volume times its
density ρm. Q is the heat energy. This is at maximum equal to the laser pulse energy.
This maximum is true when all impeding light is absorbed. If part of the light is
reflected or refracted the heat energy will be lower. MF particles have a density of
1.51 g/cm3 [139] and a specific heat capacity of cp = 1.2 · 103 J/kgK [65].

Filling in these numbers for a 10 µm diameter particle and 20 µJ of heat, we get a
temperature rise ∆T = 10 kK. Figure 3.9 shows the temperature increase for different
particle sizes. As heat energy we have taken the minimum required laser pulse energy
from figure 3.8b. Note that this implies that all radiation energy is absorbed and none
is refracted or reflected. According to the supplier, the microparticles are stable up
to a temperature of 250 ◦C [139]. Therefore, this temperature increase can cause a
problem.

In practice, we do, however, not expect all the laser energy to be absorbed by the
particle. Only a small percentage will be. This will also reduce the temperature change
to this same percentage of what is shown in figure 3.9. To find what this percentage
is, and whether the temperature increase can cause a problem, we need information
about the extinction coefficient of the particle material, or the imaginary part of its
refractive index from which this can be calculated. Unfortunately, this information is
not available for the MF particles used in this setup. Therefore, we cannot conclude
whether the temperature increase is problematic.

3.4.2 Practice
A simple setup was built to test the feasibility of using a radiation pressure force.
Figure 3.10 shows this setup with the laser in blue, the laser beam in green and the
particles in brown. The particles are applied to a glass substrate, shown in grey. The
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Figure 3.9: Increase in temperature of the particles if the full minimum required
pulse laser energy from figure 3.8b is transferred into heat for different particle
sizes.

particles are imaged by a high-speed camera from the side. To facilitate this imaging,
the particles are illuminated with a low-power laser. The radiation pressure from
this laser is negligible. The imaging laser is continuous. The high-power laser only
produces one short laser pulse.

Figure 3.11 shows what happens when a laser pulse fired. The image in figure 3.11a
was made before the laser pulse. It shows a white patch of particles at the right side
of the image. These are 10 µm MF particles, that are suspended on a glass substrate.
In figure 3.11b we see the high-power laser pulse. The laser light is coming from the
right in the image. It is clear that this causes an overexposure of the camera and that
this light is much stronger than that from the continuous laser that is used to image
the particles. This laser pulse pushes part of the particles in the dust patch off the
surface. These can be seen flying away in figure 3.11c and thereafter falling down in
figure 3.11d. The structures in the top left quarter of these images, that looks like
smoke, is a cloud of the fine 10 µm particles.

To create the laser pulse we used an Ekspla SL312 Nd:YAG laser. The laser pulse

Figure 3.10: Schematic representation of the radiation setup (not to scale). The
laser is shown in blue, the laser beam in green, the dust particle in brown and the
glass substrate that they are applied to in grey.
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(a) (b)

(c) (d)

Figure 3.11: Images of 10 µm particles in the radiation setup. The images were
taken (a) 2 ms before, (b) during and (c) 4 and (d) 18 ms after the laser pulse.

in this test was 150 ± 20 ps and 60 mJ at 1064 nm, according to the laser specification
and reading. This pulse energy is above the minimum requirements in figure 3.8b. It
can however not be compared directly, because in the theory we assumed all beam
energy to be focused on a single particle, while we do not know the exact size of the
laser spot in the experiments. This should be measured and taken into account to
calculate the radiation pressure force on the particles.

Similar test have also been performed with 100 µm particles. These bigger particles
can be seen individually on the surface in figure 3.12a before the pulse and flying away
after the pulse in figure 3.12b.
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(a) (b)

Figure 3.12: Images of 100 µm particles in the radiation setup. The images
were taken (a) 1 ms before and (b) 3 ms after the laser pulse. The circle indicates
where the particles are removed by the laser pulse.

3.4.3 Other effects
Firing a high power laser at a surface will also cause other effects than just the
radiation pressure. One can for example think about damaging the surface, heating
and therewith expanding the air, evaporating water contamination. All these will also
influence the particle removal. If the surrounding air expands or damaged surface
parts fly off the surface, this will also cause a force on the particles pushing them away
from the surface.

These effects have been tested by putting the particles on the other side of the
glass substrate, i.e. on the left side in figure 3.10. In this case, the radiation pressure
will mainly push the particles into the surface, while the other effects will still push the
particles away from the surface. Resulting images in this case are different from those
in figure 3.11c and d. There is no cloud visible of particles moving perpendicularly
away from the surface. Particles are, however, still being removed from the surface
and fall downwards.

This shows that the radiation pressure is significant in the removal of particles,
but that there also might be other effects in play. Note, however, that the removal in
this case might also be due to radiation pressure after reflection, or from bouncing.
Further investigation is needed to determine the important laser effects.

3.4.4 Conclusion
Above we have shown both theoretically and experimentally that laser radiation can
be used as a force to remove particles from a surface. Therefore, it can be used as
a probing force in the current research. Before this is possible, it should first be
determined whether and which other laser effects are significant. Due to this and
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Figure 3.13: Schematic representation of the plasma in the vibration setup (not
to scale). The powered and grounded electrode are shown in grey, the piezo in
blue, a dust particle in brown and the plasma in pink.

other practical difficulties, the radiation pressure setup has not been used to measure
plasma lofting forces for the present research.

3.5 Plasma
The plasma in both the vibration and centrifuge setup was created using the same
method. It is a capacitively coupled plasma, created by applying an RF (13.56 MHz)
alternating voltage.

The vibrating surface of the piezo is part of a larger 70× 70 mm grounded surface.
The piezo surface has a gold coating to make it conductive, but is not grounded.
The RF signal is applied to an electrode that is positioned 27 mm above this surface
(see figure 3.13). This electrode has a hole in the center to facilitate the particle
deposition and the imaging. The setup is placed in a vacuum vessel filled with argon at
a pressure of 0.5 mbar. The surface, with the piezo, is, together with the RF electrode,
suspended on a rotational-translational feedthrough. This allows for rotation of the
surface together with the RF electrode, to facilitate either particle removal (see above)
or application (see below).

The main part of the centrifuge setup is a spinning cylindrical disk of 50 mm
diameter. This is made part of a coaxial electrode geometry (figure 3.14). The spinning
cylinder is the central part of a bigger cylinder, which further consists of two additional,
grounded, cylinders. The spinning disk itself cannot be conductively connected to
the ground due to its high speed. It is, therefore, only capacitively coupled to the
ground through the narrow gap (0.5 mm) between the spinning disk and the side
cylinders. The conductive connection that might exist via the bearings is intentionally
blocked with an insulating layer to prevent spark discharges damaging the balls in the
bearings.

A hollow cylinder with an inner diameter of 110 mm is used as an RF electrode.
This leaves a gap of 30 mm between the cylinders in which the plasma is created.

Several techniques are employed to diagnose the plasma. We have measured the
electrical potential in the setup and used this as input for a simulation of the plasma
using the PLASIMO software [141]. Additionally we have used optical emission and
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Figure 3.14: Schematic representation of the plasma in the centrifuge setup (not
to scale). Two views are shown. The electrodes and the spinning disk are shown
in grey, a dust particle in brown and the plasma in pink.

mass spectroscopy to investigate the species in the plasma. These diagnostics are
discussed below.

3.6 Electrical diagnostic
As stated above, the plasma in both setups was created by applying an RF voltage to
the powered electrode. The voltage on and current to the powered electrode have been
measured using a Scientific Systems smartPIM. Figure 3.15a and b show respectively
the RMS voltage and current to the vibration (red) and centrifuge (blue) setup. These
can be combined with the phase between them to obtain the total dissipated power in
the plasma (figure 3.15c).

Similar RF-amplifiers are used for both setups. Therefore, the dissipated power
is comparable (figure 3.15c). The plasma volume in the centrifuge setup is, however,
much larger than in the vibration setup. Therefore, the power density is smaller in the
centrifuge setup. This translates to a lower RMS voltage in this setup (figure 3.15a).

A second, so-called, GREMI-probe [115] is used to measure the DC-bias on the
powered electrode (figure 3.15d). This is caused by an a-symmetry between the
powered and grounded electrode [72].

3.7 PLASIMO plasma simulation
PLASIMO is a plasma simulation tool [141]. Here it has been used to gain insight in
the plasma parameters. For this we simulate the plasma setups using a drift-diffusion
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Figure 3.15: Plasma input RF RMS (a) voltage, (b) current and (c) power and
(d) powered electrode DC bias for the vibration (red) and centrifuge (blue) setup
in 0.5 mbar argon.

model with the electrical signals measured above as input parameters.
For the vibration setup, the PLASIMO simulation domain is chosen cylindrically

symmetric, on the top and bottom bounded by respectively the powered electrode and
the grounded electrode with the gold-plated surface in the centre (figure 3.16a). This
thus means that we simplify the actual square gold surface to a circular surface.

The centrifuge setup is intrinsically cylindrically symmetric. It, therefore, is also
simulated in a cylindrically symmetric domain, as shown in figure 3.16b. Note that
the symmetry axes is rotated 90◦ compared to the vibration setup. This also shows in
the electron density (colours). For the vibration setup this is centered between the
two electrodes, be it slightly higher towards the powered one. For the centrifuge setup
it is, however, closer to the grounded electrode, which is smaller than the powered
electrode, because it is closer to the rotational symmetry axes.

For the rest of the results we shall focus on the region above the centre of the piezo
or centrifuge, as indicated by the red dashed rectangles in figure 3.16. We shall show
the results in these regions as function of the height above the piezo or centrifuge
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(a) (b)

Figure 3.16: Domain of the PLASIMO simulation of (a) the vibration setup
and (b) the centrifuge setup; with the powered electrode (top; grey), grounded
electrode (bottom; grey) and (a) piezo or (b) centrifuge disk (bottom; black). The
colours indicate the electron density.

averaged over the other coordinate.

3.7.1 Electrical potential
Figure 3.17 shows the potential above the surfaces. This changes in the RF cycle, as
is expected.

Both setups show a bulk with a flat potential in the centre and two sheaths at
the walls. Here the potential drops, such that electrons are repelled from the surfaces
into the plasma and ions are accelerated towards the surfaces, as is expected from a
plasma (see section 1.2.1).

The potential drop to the powered electrode is larger than towards the other
surface. This is due to the bias on this electrode, as shown in figure 3.15d.

The piezo setup shows smaller (2 - 3 mm) sheaths than the centrifuge setup (5
- 10 mm). This is due to the higher electron density in this setup (see section 3.7.2
below), which leads to a smaller Debye length.

The piezo and the centifuge disk are electrically floating. They charge to a slight
negative potential compared to the surrounding grounded surface. This potential is
shown in figure 3.18. This fluctuates with the RF cylcle, like the plasma potential.

It has also been attempted to measure the piezo surface potential experimentally
(see also [12]). The results are shown in figure 3.19a. This clearly looks different from
the simulation results in figure 3.18a.

Firstly, the experimental result does not show one nice sine shape. Besides the
13.56 MHz RF component it has a number of higher order components, clearly visible
in the frequency spectrum in figure 3.19b. These are typically introduced in an RF
discharge due to the non-linear response of the sheath potential to the current [72].
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Figure 3.17: Potential as function of height above (a) the piezo and (b) the
centrifuge according to the PLASIMO simulations at different times in the RF
cycle (colours).

The absence of these higher order components in the simulation is probably due
to a difference in driving electric potential. For the simulations we impose a purely
one-frequency sinusoidal voltage. In the experiments, this is not the case. The driving
voltage is the result of an interplay between the RF-amplifier, matchbox and plasma
discharge. The non-linear current to voltage relation in the discharge will cause higher
order harmonic voltages. This is not taken into account in the simulations.

Secondly, the surface charges slightly positive instead of negative in the experiments.
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Figure 3.18: Potential of (a) the piezo surface and (b) the centrifuge disk
according to the PLASIMO simulations as function of time in the RF cycle.
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Figure 3.19: (a) Experimental measurements of the potential of the piezo surface.
(b) Fourier transform of a.

This seems counter intuitive, because a plasma generally charges everything negative.
However, the piezo surface is just a small part of a much larger, grounded, surface.
The net flux to this is, presumably, near zero. In section 2.4 we have seen that a
particle on a surface may charge significantly negative, even though the surface below
it receives a net zero charge flux. This was due to the extension of the particle above
the surface. This illustrates that the charging in a plasma sheath depends on the
precise positioning. If the piezo slightly extends above the grounded surface, it is
likely to charge negative, like the particles in section 2.4. If it is slightly lower, it may
charge positive. In the experimental setup it is attempted to level the piezo surface
with the grounded electrode. Due to practical difficulties it is, however, impossible to
say whether this is also the case at a micrometre scale.

Finally, one should note that the experimental surface potential measurements in
figure 3.19a might be influenced by external influences. For this measurements it was
necessary to use a cable from the piezo surface to the measurement device. Effort was
made on shielding this cable. It might, however, still have picked up RF signals that
are intrinsically emitted by the close-by plasma and power cables.

3.7.2 Plasma parameters
Figure 3.20 shows the electron density and temperature from the PLASIMO simulations.
Figures 3.20a and b clearly show that the electron density strongly decreases in the
plasma sheaths, as would be expected. The centrifuge setup has approximately a
factor 10 lower bulk electron density. This is due to the lower input energy density in
this larger setup.

The Debye length scales with the inverse square root of the electron density
(λD ∝ n−1/2

e ). The factor 10 lower electron density thus agrees with the approximately
factor 3 larger sheath thickness observed above for the centrifuge setup.
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Figure 3.20: (a,b) Electron density and (c,d) mean electron energy in (a,c) the
vibration and (b,d) the centrifuge setup according to the PLASIMO simulations
at different times in the RF cycle (colours).

The bulk mean electron energy is approximately equal in the two setups at 6 eV
(figure 3.20c and d). This is to be expected, as they both have approximately the
same gas composition. This is a generally known rule of thumb when using plasmas:
a change in input power changes the electron density, not the electron energy.

We can assume the electron energy in the bulk of the plasma to be mainly due
to random velocities. The electron temperature is, therefore, related to the mean
electron energy, but also to the energy distribution. We can assume that the electron
energy follows a Boltzmann distribution in the plasma bulk. In that case the electron
temperature is two thirds of its mean energy. This results in a bulk electron temperature
of 4 eV. This is slightly high for a low pressure plasma discharge, for which the electron
temperature is typically 2 eV.

Towards the sheaths, the electron energy changes, as the electrons are influenced
by the sheath electric field. Most of the ionisation in an RF plasma happens in the
boundary region between the bulk and the sheath region, where the sheath expands
and retracts during the RF-cycle.

This ionisation at the sheath edge is illustrated in figure 3.21 which shows the
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Figure 3.21: Electron source in (a) the vibration and (b) the centrifuge setup
according to the PLASIMO simulations at different times in the RF cycle (colours).

electron production rate. For the vibration setup this is mainly concentrated at the
edge of the powered electrode sheath (around 25 mm in figure 3.21a). A smaller
source appears around the other sheath edge at 4 mm, which has a smaller potential
drop. Note that these two sources reach their peak at opposite phase times during the
RF-cycle.

The centrifuge has a smaller bulk plasma region. Therefore, the sheath edges are
closer together and the electron source regions overlap in figure 3.21b.

3.7.3 Input power
Experimentally, the input power is the most important ‘knob’ to influence the plasma.
Therefore, the vibration setup was also simulated with a lower input power; we use
a sine wave with an amplitude 49 V and offset -90 V (compare to respectively 77
and -170 V above). This is based on the experimental power measurements below in
figure 4.9.

Figure 3.22 shows the resulting electron density and temperature. The bulk mean
electron energy of 6 eV is similar to that found for the high power measurement in
figure 3.20. The plasma density is, however, lowered. This is typical behaviour of a
plasma when changing the input power; the density changes, while the temperature
remains approximately constant.

3.8 Gas composition
The above PLASIMO simulations assume that there will only be argon gas in the
vacuum vessel. In reality there will also be other species due to e.g. leakage or
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Figure 3.22: (a) Electron density and (b) mean electron energy in the vibration
with a lower input power at different times in the RF cycle (colours)

outgassing. The gas composition has been diagnosed using two methodes: mass
spectroscopy and optical emission spectroscopy.

Both techniques show that the background gas mainly consists of argon. They
both, however, also show a number of other species. Furthermore, the plasma causes
chemical reactions that change the gas composition. The results from each of the
diagnostics is outlined below.

3.8.1 Mass spectroscopy
The background gas is fed into the mass spectrometer through a corrugated hose and a
leak valve. This allows the mass spectrometer to work at low pressure (. 10−5 mbar),
while sampling the gas from the higher pressure vessel. The gas is ionised in the low
pressure mass spectrometer vessel using an electron beam. The ions are then filtered
using an electromagnetic field, which only lets ions with a specific mass-over-charge
ratio pass. These ions are then counted using either a faraday cup or an electron
multiplier. Scanning the electromagnetic field will result in the mass spectrum.

All ions always have an integer number of elementary charges and an almost integer
number of atomic masses. Therefore, a mass spectrum shows peaks at integer values
if it is expressed in units of amu/e (figure 3.23). Each peak may be comprised of
multiple ions of the same weight. These ions may be the result of larger molecules in
the plasma vessel that are broken by the ioniser.

For example, a peak at 16 amu/e may correspond to a single ionised oxygen atom
(16 amu). Single oxygen atoms are, however, unlikely to be present. Therefore, these
oxygen ions are likely to be from oxygen molecules (O2) or water molecules (H2O),
broken in the ioniser. Alternatively, the peak may correspond to the ions O2+

2 , CH+
4

or NH+
2 , which all have the same charge over mass. These last two may then again be

caused by larger (hydrocarbon) molecules. Therefore, we shall below consider multiple
peaks together to investigate the gas composition.

Figure 3.23a and b show mass spectrums for respectively the vibration and the
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Figure 3.23: Mass spectrometer results for (a) the vibration setup and (b) the
centrifuge setup at different times (legend) before and after the plasma was turned
on at t = 60 s.

centrifuge setup. They were measured at different times both before and after a
plasma was ignited at t = 60 s. The two setups show roughly the same mass spectrum,
because they are both fed with the same input gas.

The gas mainly consists of argon. This causes the peak at 40 amu/e (Ar+), 20
amu/e (Ar2+), 36 amu/e (36Ar+) and 38 amu/e (38Ar+). These last two are the
second and third most common argon isotope after 40Ar. Therefore, these peaks are
lower than the one at 40 amu/e.

The vessel also contains other, contaminating, species; one important contamination
is water. This is visible at 18 amu/e (H2O+), 17 amu/e (HO+) and 16 amu/e (O+).
Water is known to often be present in vacuum systems, where it is adhered to the
vessel walls and slowly evaporates into the low pressure chamber (see also section 5.4).

Other contamination is caused by leakage from the outside air. This mainly consists
of nitrogen, visible at 28 amu/e (N+

2 ), 14 amu/e (N+) and 29 amu/e (14N15N+), but
also contains oxygen (32 amu/e (O+

2 ), 16 amu/e (O+) and 34 amu/e (16O18O+)) and
carbon dioxide (44 amu/e (CO+

2 ), 28 amu/e (CO+), 12 amu/e (C+) and 34 amu/e
(16O18O+)).

Also a large contribution of hydrogen ions (1 amu/e (H+) and 2 amu/e (H+
2 )) is

visible. These might be reaction products from larger molecules created by the ioniser.
Also, the mass spectrometer was not calibrated. Therefore, it might be more sensitive
to these lighter ions.

The top axis in figure 3.23 shows the above discussed species. These are vissible
in the spectrum before the plasma was turned on (t = 10 s and t = 30 s). When the
plasma is turned on, the gas composition changes due to plasma induced chemistry.
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Figure 3.24: Temporal behaviour of several interesting peaks in the mass spec-
trometer results in figure 3.23.

Figure 3.24 shows the temporal development of a number of interesting peaks. This is
qualitatively the same for both setups.

The most prominent species is always argon, visible at 40 amu/e (pink line). Before
the plasma, the biggest contamination is nitrogen, visible at 28 amu/e (red dotted
line). As the plasma is turned on, this peak grows. This is, however, not due to an
increase in nitrogen, but rather due to an increase in carbon dioxide (via CO+, also 28
amu/e). This is the likely explanation, because the atomic nitrogen line at 14 amu/e
(red dashed line) slightly decreases while the CO2 line at 44 amu/e (red solid line)
strongly increases.

This is probably the result of an oxidisation reaction, which is also visible by the
decrease of molecular oxygen at 32 amu/e (blue solid line). Note that the atomic
oxygen at 16 amu/e (dotted blue line) slightly decreases when the plasma is turned
on, whereafter it increases again. This is probably because it has different sources.
Before the plasma is turned on, it is mainly caused by the ionisation of the oxygen and
water molecules; during the plasma it is caused by the ionisation of carbon dioxide
and water. Note that the water content at 18 amu/e (cyan line) very slightly increases
during the plasma. Furthermore, there is an increase in several hydrocarbon lines:
CHx (black lines) and C2Hx (green and yellow lines).

This all indicates some hydrocarbon is being burned and released into the vacuum
vessel. There could be several sources for this. Some dielectric materials are used as
supports in both setups to electrically isolate parts. Also the investigated particles are
hydrocarbons (see below). It is, however, unclear what exactly is being damaged by
the plasma.
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Figure 3.25: Emission spectrum from (a) the vibration setup and (b) the
centrifuge setup at different times (legend) before and after the plasma was turned
on at (a) t = 60 s and (b) t = 80 s. The dotted lines indicate the strongest emission
from nitrogen (blue), CO (cyan), CO2 (green), CHO (red) and argon (pink) [95].
The black stars indicate the peaks used for the Boltzmann plot in figure 3.26.

3.8.2 Optical emission spectroscopy

Optical emission spectroscopy was performed using an Avantis AvaSpec-3648 spec-
trometer. It measured the plasma light through an optical fibre. No lenses were
used.

Figure 3.25a and b show the emission spectra for respectively the vibration and
the centrifuge setup. As is expected there is no emission before the plasma is turned
on (blue lines). With the plasma, the most prominent features are the argon lines at
their literature values (pink dotted lines).

Furthermore there is a broad emission spectrum between approximately 300 and
700 nm. This appears to be molecular emission from contaminating species. It is
present in both setups, but the relative intensity of different peaks is different. This
could be because the two setups have different contamination contents, or because
they have different electron temperatures, leading to the excitation and emission from
different molecular levels.

The emission between 630 and 690 nm is the first positive system of nitrogen and
the emission between 300 and 400 nm is the second positive system of nitrogen (blue
dotted lines). These are thus caused by the nitrogen contamination that was also seen
in the mass spectroscopy measurements.

Both the nitrogen and the argon emission decrease in time during the plasma in
the centrifuge setup (figure 3.25b). The nitrogen content was also seen to decrease in
the mass spectrometer, but the argon remained constant. The decrease in emission
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might be due to the hydrocarbon contaminations. These could absorb part of electron
energy, decreasing the energy available for argon. The contaminations can absorb a
significant portion of the energy even though their number density is small, because
they can absorb it in rotational and vibrational excitations, which argon, being a
mono-atomic nobel gas, cannot.

The decrease in nitrogen and argon emission is also found for the vibration setup
(figure 3.25a), but to a much smaller extend. This mainly shows a decrease in the
molecular emission between 450 and 620 nm.

The rest of the emission is caused by the oxidation reaction products also seen in
the mass spectrometer. These are mainly CO and CO2 (respectively cyan and green
dotted lines), but also probably some hydrocarbons such as CHO (red dotted lines).
This supports the finding from the mass spectrometer that the plasma burns and
releases hydrocarbon contaminations.

Boltzmann plot

A so-called Boltzmann plot can sometimes be used to get an estimate of the electron
temperature in the plasma. For this technique, one assumes that the different excited
species of, in this case, argon are in thermal equilibrium. Therefore, their population is
distributed according to a Boltzmann distribution to which one can assign an excitation
temperature. This temperature is not necessarily equal to the electron temperature,
but can be used as a measure for it, because it is generally close to it [111].

The excitation temperature is typically determined by plotting the value

log
(

Iλ

gkAki

)
(3.12)

as function of the upper state energy Ek. Here I is the measured intensity at the
wavelength λ of the transition with transition strength gkAki from upper state k to
lower state i. This plot is shown in figure 3.26 for the t = 100 s emission spectrum
from the centrifuge setup in figure 3.25b.

The peaks used for this plot are indicated by the black stars in figure 3.25. These
are all clearly visible in the spectrum. Some clearly visible peaks have not been used,
because they are double peaks consisting of emission at two close wavelengths, that
cannot be distinguished with the used spectrometer.

The points in figure 3.26 do not lie on one line. This means the excited species are
not in full thermal equilibrium. We did, however, fit the graph to get an indication
of the excitation temperature, which should, in thermal equilibrium, be equal to the
inverse of the slope of the fit.

The resulting excitation temperature is shown in figure 3.27a and 3.27b for respec-
tively the vibration and the centrifuge setup. This shows noise for the first tens of
seconds, before the plasma is turned on, because there is no emission. Thereafter the
excitation temperature is around 1 eV for both setups.

This excitation temperature is significantly lower than the 4 eV electron temperature
from the PLASIMO simulations in section 3.7. This big difference between the two
temperatures is not expected. This might be due to the absences of contaminating

93



CHAPTER 3. EXPERIMENTAL SETUP

12.9 13 13.1 13.2 13.3 13.4

Energy Ek (eV)

-10.7

-10.6

-10.5

-10.4

-10.3

-10.2

lo
g
(

I
λ

g
k
A

k
i

)

Figure 3.26: Boltzmann plot for the t = 100 s emission spectrum from the
centrifuge setup in figure 3.25b. The used peaks are indicated by the black stars
in figure 3.25.

species in the PLASIMO simulations. Also the measured excitation temperature might
not be reliable, because the plasma is not in thermal equilibrium, as discussed above.

3.9 Dust particles
We test the plasma force on polystyrene spheres that were acquired commercially. The
particles are dropped on the surface using a dust dispenser. They are applied sparsely,
such that they do not touch each other. The particles contain a fluorescent dye, which
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Figure 3.27: Excitation temperature as determined from a Boltzmann plot from
the emission spectra (figure 3.25) for (a) the vibration setup and (b) the centrifuge
setup as function of time.
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is excited using a laser.
Two sets of particles have been used in the present work. Both are polystyrene

and approximately 100 µm in size, but they are acquired from different suppliers
and have different dyes. The ‘red particles’ are PS-FluoRed-Fil53 produced by
Microparticles GmbH [139] and have a diameter of 95.7 µm with a standard deviation
of 1.5 µm; they are dyed with a ‘FluoRed’ dye. The ‘green particles’ are 35-11B from
Thermo Scientific [142]; they have a diameter of 101 µm and are dyed with a green
fluorescent dye.

The red and green particles are illuminated by a continuous laser with wavelength
of respectively 532 nm and 450 nm. They are imaged through a filter to filter out the
laser wavelength, and only see the fluorescent light from the particles.

3.9.1 Conductivity
The conductivity of the particles is very important for the charging process (see
previous chapter). Therefore, it is attempted to determine this conductivity.

The particles in both sets are made of polystyrene, a polymer that is generally
considered to be an insulator with a high bulk resistivity (> 100 TΩm [66]). This may,
however, be different for the real particles, where imperfections may lead to increased
electrical conductivity. This can especially occur at the particle’s surface, where the
lattice is discontinuous leading to dangling bonds. Also water can adhere here, leading
to a conductive layer.

We have measured the particle resistance experimentally. For this, the particles
were placed on the same conducting surface as in the vibration setup. A sharp
conducting needle was then placed on the top of the particle (figure 3.28). The
resistance between this tip and the surface was then measured with two different
methods.

The first method was to simply use a commercial Agilent 34401A 61/2 digit digital
multimeter. This resulted in a resistance of over 1 GΩ for both particle sets. This is
the upper resistance limit measurable for this device.

A more precise resistance measurement was achieved by applying a voltage over
the particle and measuring the current through it. The most accurate current mea-
surements were obtained using a lock-in amplifier. This device measures only at the
specific frequency of the applied voltage, to minimise the influence of noise.

With this, it was determined that the resistance of the particles is > 500 TΩ. No
difference was found between the particle sets. This is only a lower limit, because the
measured current was still overpowered by the measurement noise.

This measured lower limit is still far below the literature lower limit for bulk
polystyreen resistance of > 100 TΩm [66]. This value leads to a resistance of > 1 EΩ
for a 100×100×100 µm3 polystyrene cube between two flat electrodes. This resistance
will be even higher for the sphere, which has a smaller cross section than the cube.

The particle electric resistivity is thus very high for low potentials at ambient
pressure and temperature. The real experiments are, however, performed in a vacuum
vessel. This likely has less water vapour, thus leading to an even lower surface
conductivity. Other effects may work opposite. E.g. a raised temperature may excite
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Figure 3.28: Photo of the particles (spheres) on the square gold coated surface,
with the measurement tip on one of the particles.

particle electrons to conducting states. A similar effect may be caused by a higher
electric potential difference and high electric fields. Therefore, we can, unfortunately,
not conclude what the conductivity of the particles will be in the experiments.

Typical timescale

A timescale can be obtained from a simple estimate of the RC-time. For the resistance
we take the lower limit of 500 TΩ obtained above. For the capacitance we take 39 fF
as obtained from equation 2.22 using a 100 µm particle 0.3 nm from the surface. Note
that this capacitance estimate assumes a uniformly charged conducting sphere. This
is contradictory to the charging that we are estimating. Therefore, the results will
only be a rough estimate of the real charging timescale.

The resulting time is in the order of tens of seconds. This is much longer than the
plasma charging processes (see chapter 2). The conductive decharging will, therefore,
not influence the equilibrium charge much, except if it is somehow enhanced in the
actual measurements, as discussed above.

3.9.2 Scanning electron microscopy
The particles were further investigated using a scanning electron microscope (SEM) to
examine the particle surface roughness. Figure 3.29 shows SEM images of the red and
green particles.
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(a) (b)

Figure 3.29: SEM images of (a) red and (b) green particles.

The dark areas on the particles are artifacts from the SEM, caused by charging of
the particles by the electron beam. To create a nice SEM-image, the object should be
conducting and grounded. Insulating objects are, therefore, often coated with a thin
layer of gold, before being imaged. This is not done for these particles. Therefore,
charge will accumulate on the particles, which causes the dark patches. These charges
only conduct to the grounded substrate through the low surface conductivity (see
section 3.9.1).

The charge artifacts were more strongly observed for the green than for the red
particles. The green particles were, therefore, imaged with a higher scanning speed
to reduce the residence time of the electron beam at each position and therewith the
charging. This thus indicate that the conductivity of the green particles is less than
that of the red particles. This could not be observed from the direct conductivity
measurements in section 3.9.1, because the conductivity is very low for both particle
sets.

The green particles in figure 3.29b show two sizes. The larger ones are 100 µm,
as is to be expected. The smaller ones have approximately half that size and their
origin is unknown. We have only imaged a small subset of particles using the SEM.
Furthermore, there was an experimental bias towards abnormalities. The 50% smaller
particles in figure 3.29b is, therefore, not representative for the complete particle set.

The particles have also been optically imaged in-situ as part of the measurement
procedure, as in e.g. figure 5.7. This shows that the vast majority of the particles
is 100 µm. A small minority (∼ 1%) might be smaller particles, but this could also
be an optical effect caused by the shading of the light. We shall neglect the small
particles, as they only constitute a small portion, and assume all particles are 100 µm
in the remainder of this thesis.

The red particles in figure 3.29a are all mono disperse, approximately 100 µm. The
top-left one shows some irregularities at the lower left side. This might be damage
caused by the deposition of these particles for the SEM-measurement. This was
done manually using pliers and a small screwdriver. For the actual measurements in
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(a) (b)

(c) (d)

Figure 3.30: SEM images of the surface of (a,c) a red and (b,d) a green particle.

chapter 4 and 5, the particles are deposited using a dust dispenser (see section 3.9.3),
which is much less likely to damage the particles.

Figure 3.30 shows zoomed images of the surface of the particles. Figure 3.30a
shows the same slight surface damage as visible in figure 3.29a.

The two particle sets clearly have a different surface topology. This is especially
clear when comparing figure 3.30c and d. The red particles (figure 3.30a and c) have
a smoother surface with some small dents, while the green particles (figure 3.30b and
d) have a much coarser surface. This difference is presumably due to a difference in
production or finishing method applied by the two manufacturers.

The difference in surface roughness will have an influence on the adhesion force, as
this depends on the intermolecular forces on the contact interface (see section 1.1.1).
The particles are deposited on a silicon wafer for the SEM-imaging. This is a very
smooth surface. It is observed that the red particles stick beter to this surface than
the green particles, which very quickly slide off the surface when it is slightly tilted.
This is in line with the higher surface roughness, causing a lower adhesion for the
green particles. The adhesion force will be further quantified in section 5.1.

The particles have also been imaged after being exposed to a plasma for 5 minutes
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(a) (b)

(c) (d)

Figure 3.31: SEM images of (a,c) a red and (b,d) a green particle after being
exposed to a plasma for 5 minutes.

(figure 3.31). Note that the SEM measurements could not be performed in-situ; the
particles have been exposed to ambient air for approximately 1 hour between the
plasma treatment and the SEM measurement.

The surface of the green particle in figure 3.31b and d seems to have changed. It
has craters, with a smooth surface. Note that only one plasma exposed green particle
could be imaged, as the rest was lost due to a combination of low adhesion and clumsy
handling. Therefore, it is unclear whether this surface change was caused by the
plasma, or just happens to be present on this one particle.

The surface of the red particles (figure 3.31a and c) seems to be unchanged by
the plasma; It is similar to the measurement before the plasma in figure 3.30a and c.
Figure 3.31c shows similar surface damage as figure 3.30a.

One red particle was found split after the plasma exposure (figure 3.32). It is
unclear what caused this splitting. It is unlikely due to the plasma, because all other
plasma treated red particles were still intact. The splitting might be caused by the
deposition method used for the SEM measurements or at an earlier stage during
production or particle handling.
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(a) (b)

Figure 3.32: SEM images of a split red particle after being exposed to a plasma
for 5 minutes.

Some of the particles were found to contain smaller particles on their surface
(figure 3.33). This was found for both particle sets and both before and after the
plasma treatment. These are likely small contaminating particles. They could be
an issue if they get stuck between the particle and the substrate. This could then
significantly reduce the contact surface and, therefore, the adhesion.

The contaminating particles show a similar surface roughness as their parent
particle. The contamination on the green particle in figure 3.33d has a much more
coarse surface than those on the red particles in figure 3.33a-c. Therefore, they
might be splinters from other particles, that were released when they were damaged.
Alternatively, the contaminating particles might have been present during the particle
production process, and have undergone the same finishing procedure.

3.9.3 Dust dispenser
The particles are applied to the surface using a so-called dust dispenser (figure 3.34).
This consists of a container with the particles in it and a hole in the bottom. The
container is suspended from a rod that is connected to an iron core. The core is kept
in place by a spring and is surrounded by an electromagnet. Powering this magnet
will move the core and with it the container. This will cause particles to drop down
from the container onto a surface.

The falling of the particles has been recorded in the vibration setup using a high-
speed camera at 4000 fps. Figure 3.35 shows three consecutive frames in this movie in
red, green and blue. In the bottom it shows stationary particles, that appear white,
because they are visible in each of the three frames. These particles are resting on
the surface. The slightly higher patch of white particles in the middle are on a piezo
actuator (section 3.13.1). Above the surface one can see particles both moving upwards
and downwards (distinguishable by the colour order). This shows that there are not
only falling particles, but also ones that bounce back up.
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(a) (b)

(c) (d)

Figure 3.33: SEM images of contamination on (a-c) a red and (d) a green particle
(a,c) after being exposed to a plasma for 5 minutes.

The bouncing is further illustrated in figure 3.36a, which shows the speed of
particles moving downwards (green) and upwards (red). The figure shows the particle
initially falling with a speed around 600 mm/s. When they reach the surface, they
bounce up again with almost the same speed. Only after a few bounces, do the
particles finally stop at the surface. This bouncing behaviour is undesirable, because it
spreads out the particles over a much larger area than only the 2 by 2 mm target area.

These bounces were observed at low pressure in the vacuum vessel (3 µbar).
Therefore, there was almost no air friction and thus no force on the particles to slow
them down.

Figure 3.36b shows the results when there was 1 bar air in the vessel. Here we see
the particles initially falling at approximately 270 mm/s. This is close to the terminal
velocity vterm for these 100 µm spheres, which can be calculated by balancing the
gravitational force Fgrav and Stokes drag force Fdrag:

Fgrav = mg0 = 4
3πR

3ρmg0 = Fdrag = 6πRµvterm (3.13)

with m the particle mass, g0 the gravitational acceleration, R the particle radius, ρm
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Figure 3.34: Schematic representation of the dust dispenser (not to scale). The
outline of the container is shown in black with brown particles in it. It is suspended
by a rod (grey) to an iron core (blue), which is kept in place by a spring (green)
and can be moved by a coil (red).

Figure 3.35: Three images from a movie of particles falling towards and bouncing
from a surface. The movie was created using a high speed camera at 4 000 fps.
The three frames are shown in red green and blue.
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Figure 3.36: Speed of falling and bouncing particles as function of the height
above the surface at (a) 3 µbar and (b) 1 bar. Downward moving particles are
indicated in green; upward moving particles in red. The black line in b indicates
the terminal velocity determined by balancing the gravitational and Stokes drag
force.

its mass density and µ the viscosity of the surrounding fluid. This results in a terminal
velocity of 288 mm/s (black line in 3.36b).

When the particles hit the surface they only make a small bounce of less than
1 mm, before they come to rest. This bounce reduction reduces the amount of particles
that are lost during the deposition. Therefore, all particle application is performed
in argon at pressure of 800 mbar. Pressures above 1 bar were not used, because the
vacuum vessel was not built for overpressures.

3.10 Imaging
The main diagnostic tools used in the present work are cameras. These are used to
image the particles and obtain at which moment in time they are removed. This can
in turn be related to the magnitude of the probing force at that time. The imaging is
eased by the fluorescence of the particles, as described above.

In this research we use different setups and different particles. These also require
us to use different techniques to visualise the particles and their removal. Here we will
discuss this for each setup.

3.10.1 Vibrating surface
The surface in the vibration setup only moves slightly (< 1µm, see section 3.2).
Therefore, the 100 µm particles will be practically stationary until they are released.
They are imaged using a camera with a long-distance microscope lens from below
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Figure 3.37: Schematic drawing of the laser (red) and the camera (cyan) used
in the imaging of the particles (brown) in the vibration setup (not to scale).

(figure 3.37). This results in images of the surface with the particles on it (figure 3.38a;
the white dots are the particles). This allows us to identify single particles. For the
analysis we only take single particles into account, because groups of particles will
have a different adhesion, depending on their composition.

When a particle is released from the surface they fall towards the camera. Due to
the very shallow dept of field they will move out of the camera image. A removal is,
therefore, visible as the disappearance of a white dot.

During a measurement, the CCD camera continually records the particles. After-

(a) (b)

Figure 3.38: Example images of particles in (a) the vibrating surface setup and
(b) the centrifuge setup.
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Figure 3.39: (a) Light intensity during the removal of particles from the centrifuge
as function of time. (b) Light intensity reduction (left axes) corresponding to
particle removal count (right axes) as function of time.

wards the movie is automatically analysed using Matlab to identify the position of
the particles on the surface and find the moment at which the particles are released.
With this, the script calculates the amount of required vibration force for removal of
each particle.

3.10.2 Centrifuge
When the centrifuge spins, the surface with the particles on it moves. It is, therefore,
impossible to image the individual particles as above. Instead the particles will look
like stripes in the direction of movement of the centrifuge surface (figure 3.38b).

Because many of the stripes overlap, using the same analysis as above is not
possible. Note that overlapping of the stripes does not mean overlapping of the
actual particles. It only means that they have the same position perpendicular to the
movement direction. They may be far apart in the movement direction. Due to the
smearing of the movement and the long shutter time, they will, however, be imaged
on the same line of pixels. This also means that a line caused by two particles will be
twice as bright as a line caused by one particle.

For the analysis of the centrifuge movies we look at the total light captured by
the camera as a function of time (i.e. sum over all horizontal and vertical pixels in
each frame). This light will be dependent on the number of particles on the centrifuge.
Their fluorescence will cause most of the illumination of the camera. As particles are
removed the light caught by the camera is reduced (figure 3.39a).

At the start of the measurement in figure 3.39a, we see a strong reduction in light
intensity. This corresponds to the removal of many particles each camera frame. At
later times there is more time between the removal of single particles. Therefore, we
see the stepwise light reduction after approximately 100 s. These steps corresponds to
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the discrete removal of one or two particles from the centrifuge.
To find the particle removal count as function of time we take the negative

differential of the intensity (figure 3.39b). Each peak corresponds to the removal of
one or more particles. The peaks are scaled by the height of the last peaks (right axes
in figure 3.39b). Because these last peaks are expected to correspond to the removal
of single particles, this results in a removal count as function of time. This can in turn
be related to a centrifugal force for each particle by using the rotation sensor data, as
discussed above.

Notice that not all peaks in figure 3.39b have integer particle removal counts. This
is due to measurement noise and particles being removed during an exposure time
of the camera. We have implemented additional code to take these into account.
This is also done for the light emission increase that is seen in the beginning in
figure 3.39a. This is probably because the disk is not spinning fast enough at these
times. Therefore, not all particles will be smeared out equally over the entire rotation
during one exposure time. Until the disk rotation period is much smaller than the
camera exposure time, this may cause intensity fluctuation depending on the particle
positions on the disk.

Applying a plasma creates an extra challenge for this diagnostic technique, because
the plasma may also emit light around the particle fluorescence wavelength, that
passes through the filter into the camera. If this background light is constant, it does
not cause a problem, because it will not contribute when taking the differential. The
light from the plasma may, however, change in time due to contamination or pressure
changes (see section 3.8.2). This is corrected for by subtracting the light change in
the regions without particles (i.e. the left and right side of figure 3.38b, which are
beside the centrifuge disk). This is illustrated in figure 3.40a. It shows the original
measurement in black and the one only using the outer regions in red. Note that this
is an extreme example due to the presence of large amounts of contamination. In most
measurements the plasma light emission changes less.

An image of the smaller 10 µm particles is shown in figure 5.11. This shows the
particles on the centrifuge when it is not moving. Once the centrifuge is moving, it is
difficult to keep track of the individual particles. We can, however, still see a change in
the light intensity due to the particle removal (figure 3.40b). To this we can apply the
same analysis as above for the bigger particles, except that we cannot make the step
to what intensity change corresponds to a single particle and thus towards absolute
particle removal count. Instead we can only get relative data; i.e. what percentage of
the particles is removed with what centrifugal force. We will see in the results chapter
that this is actually what we want.

3.11 T-test
Student’s T-test was developed as a statistical tool by William Sealy Gosset under
the pseudonym Student [117]. It is nowadays often used to determine whether there is
a significant difference between two experimentally acquired measurement sets. For
this, the T-test assumes that both measurement sets are randomly sampled from the
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Figure 3.40: (a) Light intensity during the removal of particles from the centrifuge
as function of time while the plasma is on (black line). The red line shows the
intensity change in the outer regions without particles, that is only influenced
by the plasma light emission. (b) Light intensity during the removal of 10 µm
particles.

same infinite, normally distributed, population. It then calculates the probability p of
getting a difference in mean between the measurement sets greater or equal to the
experimentally found difference. This is thus the probability of finding the same result
by chance. It is generally used that the sets significantly differ if the probability p
is below 5% (p < 0.05). Note that this general rule is not necessarily true; it also
depends on the test setup.

An insightful example that you cannot blindly follow the p-value for statistical
significant is given by Munroe [91]. He devices a gedankenexperiment with a neutrino
detector to measure whether the sun has just exploded (“It’s night, so we’re not sure”).
However, the neutrino detector does not simply give you an answer. First it roles
two dice; if both come up six, the device lies, else it tells the truth. If the device
tells you that the sun exploded and you just naively use the p < 0.05 test, you will
conclude that the sun has exploded, because the probability of this result by chance
p = 1/6 · 1/6 ≈ 0.028 < 0.05. It is, however, more likely that the machine is lying and
that the sun did not explode, because the a-priori probability of a sun explosion is
very small. This shows, that you cannot just use a p-value to determine whether an
effect is significant, but you also need to take the test setup into account.

3.12 Force measurement procedure
The first step in each experiment is to apply the particles to the substrate. This is
done using the dust dispenser (see section 3.9). To do this effectively, the vacuum
vessel is filled with argon to 800 mbar. After the particle application, the vessel
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is pumped down to the working pressure of generally 0.5 mbar. At this pressure
we start the measurements by slowly increasing the probing force (see section 3.1).
Meanwhile we image the particles to see when they are removed from the surface (see
section 3.10) until there are no particles left on the surface. This process is repeated
twice. Once without a plasma and once with a plasma during the probing force stage
(see section 3.5). To reduce the influence of statistical fluctuations and get clearer
results both the with and without plasma measurements are repeated a number of
times, either alternating or in a random order.

3.13 Charge measurement setup
Besides the force measurements, described above, we have also measured the charge
on the particles on the surface. In chapter 2 we have seen that there are a number
of theories about this. These deviate by orders of magnitude and there is a lack of
quantitative charge measurements to support any of the theories. Therefore, we will
experimentally measure the charge on 100 µm polystyrene particles. This charge was
determined by measuring the particle acceleration in an externally applied electric field.
This has the advantage over the more traditional faraday cup measurement, that it
allows the measurement of the individual charge on multiple particles simultaneously.

These measurements have been performed in a modified version of the vibration
setup described in section 3.2.

3.13.1 Measurement
After the particles are applied in the vibration setup, the surface is put upside-down
such that the particles are hanging from the surface (figure 3.41b top). Note that they
will not fall from the surface, because the adhesion is stronger than the gravitational
force.

For the measurement we agitate the piezo actuator. This is not done with a slowly
growing (100 s), smooth sine from the force measurements in section 3.2, but rather
by a fast growing (1 s) high-acceleration triangular waveform. This will cause the
particles to release from the surface.

The particles will fall towards the measurement section, where their charge is
measured by diverting them in an electric field (see fig. 3.41b bottom). The electric
field is created between two parallel metal plates 3 cm apart; one grounded and one with
a 4 kV potential. The measurements are performed in a high vacuum (< 10−4 mbar).
Therefore, the two main forces acting on the particles will be gravity in the vertical
direction and an electric force in the horizontal direction.

The particles are imaged using a high-speed camera at 4 000 fps. Figure 3.42 shows
an example of 21 frames as captured by the camera. The original frames are grey
scale, but are here alternately coloured red, green and blue. Multiple particles can be
seen traversing and accelerating in the electric field.

The measured horizontal acceleration can easily be used to calculate the particle

108



3.13. CHARGE MEASUREMENT SETUP

(a)

HV

(b)

Figure 3.41: (a) Schematic representation of the dust dispenser and the plasma
setup for the charge measurements (not to scale). Top; the dust dispenser: the
outline of the container is shown in black with brown particles in it. Bottom;
plasma setup: the powered and grounded electrode are shown in grey, the piezo
in blue, a dust particle in brown and the plasma in pink. Note that in reality
the dust dispenser and the plasma are never on at the same time. (b) Schematic
representation of the rotated plasma setup (see a) and the measurement section
for the charge measurements (not to scale). Bottom; measurement section: the
electrodes are shown in grey, the electric field is indicated by the red arrows and a
negatively charged particle is shown in brown.

charge

q = m

E

d2x

dt2 . (3.14)

Here m is the mass of the particles, E is the applied electric field, x is the horizontal
position and t is time.

To test the system we have measured a number of particles without turning on
the electric field and subjected these measurements to the same analysis. The results
(figure 3.43) show a particle charge distribution with mean 2 · 103 e and standard
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Figure 3.42: Twenty one subsequent frames showing particles falling in the
electric field. The frames are recorded at 4 000 fps in grey-scale and are here
coloured alternately blue, red and green.
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Figure 3.43: Sensitivity check: histogram of the ‘measured charge’ when the
electric field was turned off, which should have resulted in zero particle charge.
The histogram is composed of 2851 particles in 19 measurements.
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deviation (SD) 2.3 ·104 e. This should have resulted in no measured charge. The found
results are measurement errors caused by e.g. lens aberrations, particle detection
problems and flow forces. From this we conclude that our system is usable to measure
particle charges down to the order of 104 e.

3.13.2 Procedure
The total charge measurement procedure is summarised in figure 3.41. The particles
are introduced in the setup with a dust dispenser (figure 3.41a top), which deposits
them on a surface. This is done in 800 mbar argon to prevent particle bouncing. Next
we can apply a plasma above the particles on the surface (figure 3.41a bottom). For this
we typically have between 0.1 and 5 mbar argon in the vessel. The surface is thereafter
rotated and agitated (figure 3.41b top) to drop the particles to the measurement
section (figure 3.41b bottom). This is done at high vacuum (< 10−4 mbar) to prevent
plasma discharges from the high voltage in the measurement section.
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4
Charge results

The charge has been measured on 100 µm polystyrene particles. We look at two
main processes that may influence the particle charge. Firstly, frictional charging due
to the triboelectric effect. Secondly, plasma charging due to free electrons and ions.

4.1 Triboelectric charge
During a typical experiment, the particles have contact with each other and a number
of surfaces made of different materials. There are three specific stages in which the
particle charge can get altered. In the first stage the particles are shaken in the dust

Section 4.1, section 4.3.1 and parts of section 4.2.1 have been published in L. C. J. Heijmans and
S. Nijdam, Triboelectric and plasma charging of microparticles, Europhysics Letters (2016) [47].
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Figure 4.1: Histogram of the initial charge on the red and green particles from
the dust dispenser. The histogram is composed of 393 red and 588 green particles
in respectively 47 and 15 measurements.

dispenser and will repeatedly bump into each other. In the second stage the particles
are on the gold coated piezo surface, where their charge may be altered by the presence
of a plasma. In the last stage the particles fall during the measurement and may
bounce off different surfaces (mainly the glass window at the bottom of the vessel).
Below we will look at these three stages.

4.1.1 Dust dispenser
To measure the initial charge on the particles, we drop particles from the dust dispenser
directly into the measurement section (i.e. the plasma electrodes and the piezo are
removed from the setup). These measurements are performed completely in a high
vacuum (< 10−4 mbar), because this is required for reliable charge measurements.
Two separate sets of measurements were performed, one for the red and one for the
green particles (see section 3.9).

Both sets of particles charge both positive and negative (figure 4.1). They show a
broad distribution. This indicates that the particles charge each other; some charge
positive, others negative. Besides this, both particle sets have a mean negative charge.
This is likely due to tribocharging against the container walls or bottom, which are
made of, respectively, stainless steel and aluminium. The green particles are charged
more negative than the red ones; respectively mean charge −8 · 105 e (standard
deviation (SD): 1.1 · 106 e) for the green and −5 · 105 e (SD: 1.5 · 106 e) for the red
particles.

The histogram is composed of 393 particles in 47 measurements for the red, and
588 particles in 15 measurements for the green particles. All measurements of one
particle type were performed subsequently with a pause of approximately 10 minutes
between the measurements. The particles remained in the stationary dust dispenser
between the measurements; it was not refilled. Particles in later measurements
were found to have a more negative charge than those in the first measurements
(figure 4.2a). This is especially clear for the green particles. This higher net charge is
probably because particles falling in later measurements have had more contact with
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Figure 4.2: Mean (dots connected by line) and standard deviation (error bars)
of the charge on the red and green particles. (a) Subsequent measurements of
particles falling from the dust dispenser. (b) Particles being exposed to different
durations of plasma. The two leftmost points correspond to measurements without
plasma.

the container. Note that the container gets emptier in later measurements, causing
less particles to be released into the vessel. Therefore, the later measurements contain
more statistical noise.

4.1.2 Plasma decharging
In the next step the particles land on a gold-plated surface and are exposed to different
durations of plasma (figure 4.2b).

The left two points in figure 4.2b are measurements in which no plasma was
applied; the particles were dropped on the surface at 800 mbar and then, after
pumping to high vacuum, dropped into the measurement section by vibrating the
surface. These measurements also show a higher negative charge on the green particles
(mean: −3 · 105 e; SD: 5 · 105 e) than the red particles (mean:−3 · 104 e; SD: 3 · 105 e).
Both particle sets have a smaller charge than their counterparts without surface
contact in the previous section. This goes for both the mean charge and the standard
deviation. There are a number of explanations for this. Firstly, the dust dispenser
has been refilled between the sets of measurements. Refilling will alter the particle
charge, similar to the shaking, as seen in figure 4.2a. Secondly, the particles in these
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Figure 4.3: (a) Charge on downward (black dots) and upwards (red dots) moving
particles in the measurement section. The time at which particles falling directly
from the surface will arrive is indicated by the grey patch. (b) Histogram of the
particle charges in a.

measurements are dropped at a pressure of 800 mbar, while those in the previous
section were dropped in high vacuum (< 10−4 mbar). This may alter the triboelectric
charge when the particles are released from the dispenser. Thirdly, the particles may
triboelectricaly charge against the gold surface. This effect is, however, expected to
be limited, because only the contact surface of the particle will be charged.

The particles decharge when they are exposed to a plasma (figure 4.2b). We have
seen in chapter 2 that a plasma will cause particles on a surface to charge towards
a certain equilibrium charge. In the present experiments the equilibrium charge is
smaller than the initial charge, and the particle charge is seen to reduce. The plasma
decharging will be further investigated in section 4.2.

4.1.3 Glass bounce
After being decharged by the plasma, the particles may be charged again when they
come in contact with a surface. This is seen when the particles bounce off the horizontal
glass window in the bottom of the measurement vessel.

Figure 4.3a shows the charge on particles entering the measurement section at
different times. The particles left the surface when it was agitated between time t = 0
and t = 1 s. The time that they should arrive in the measurement section is indicated
in grey in figure 4.3a. Particles coming directly from the agitated surface correspond
to the group with near-zero charge in this grey area.

Besides the near-zero-charge group there is also a spread out group of particles
with a more negative charge. These are also seen in the measurement section after
the agitation of the surface has stopped. They have bounced at least once; probably
on the glass in the bottom of the vessel. Glass is known to mostly charge positive,
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thus charging the particles negatively, as seen in figure 4.3a. This group of particles
consists of both upward (red dots) and downward (black dots) moving particles. This
indicates that the particles bounce, move up and then fall back down again.

In a histogram of the particle charges (figure 4.3b) one can clearly see different
populations of particles. The largest group contains the particles coming from the
surface around zero charge. Beside this, there is a population around −1.2 · 105 e and
a smaller one around −2.4 · 105 e. These probably correspond to particles that have
bounced off the glass respectively once and twice. This means that in a single bounce
event the particles gain a charge of −1.2 · 105 e. Higher order populations are hard to
distinguish, because most particles are lost to the walls before bouncing three times.

Note that for the measurements in the previous sections, the bouncing was largely
prevented by placing a diagonal surface in the bottom of the vessel. This caused
a strong reduction to the noise level in the observations of the negatively charged
bouncing particle population.

4.2 Plasma charge
Above we have seen that the plasma changes the charge of a particle towards a certain
equilibrium. This equilibrium charge is lower than the triboelectric charge. In this
section we look at the equilibrium plasma charge. We will present experimental
measurements of the particle charge. In section 4.3 we shall compare this with the
theoretical estimates (chapter 2).

4.2.1 Plasma duration
As seen above, the particles initially have a relatively large triboelectric charge. The
plasma decharges this charge towards a lower equilibrium (figure 4.2b). This happens
on a sub-millisecond timescale for the red particles. Such fast charging can be expected
from a plasma (see e.g. section 2.1).

The green particles, however, have not reached an equilibrium after 10 seconds.
This timescale is very long for plasma effects. An explanation for it might be found in
surface conductivity. The particles are made of a polymer material. This is generally
considered to be an insulator. It might, however, still be slightly conducting at the
surface, due to e.g. surface defects. This will have a high resistivity, leading to large
timescales.

The conductivity would redistribute charge if it is not distributed uniformly over the
surface. The plasma charging is deemed independent of azimut angle; it may depend
on the height on the particle. Surface conductivity might lead to a redistribution of
the randomly distributed charge. This will, however, not influence the total charge
much. In the model in section 2.4 we did not take the charge distribution into
account. We assumed the charge to always be uniformly distributed over the surface.
A different distribution will have an influence on the electric field close to the particle.
This influence is, however, expected to be small due to the small size of the particle.
Furthermore any positive patches will attract more electrons and negative patches
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more ions. This will effectively decrease the patch charges and lead to a more uniformly
distributed charge.

The patch charging is expected to play a role in the triboelectric charging. The
position of these charges will depend on what parts of the surface have touched others
(see section 2.6.2). The triboelectric charging, however, happens long (minutes, hours,
days) before the plasma is applied. Therefore, it would have been redistributed already,
if the surface conductivity plays a role.

The surface conductively might also cause a conducting path towards the surface.
In this case the particle should be viewed as a conducting particle on a conducting
surface and the theory of sections 2.2 and 2.3 applies. This means that the particle
will roughly charge towards the same surface charge density as the surface.

One should, however, note that after the plasma is turned off the particles stay
on the surface for another 50 s before it is agitated. During this 50 s, the surface
conductivity could also influence the particle charge. This does, however, not mean
that the particle will charge to the same equilibrium. The surface is floating; i.e. it
is not conductively connected to anything else. Therefore, the combined charge on
the particles and the surface will remain constant without a plasma. Thus, if there
are relatively many particles on a relatively small surface, the charge will redistribute
between them, but only a small portion will ‘disappear’ towards the surface.

The delay time between the plasma and the measurement has been varied from 10
to 1000 s in figure 4.4. This has been done for short plasmas (150-400 µs). Timing
of these short plasma durations is difficult, due to the varying plasma ignition time.
The plasma duration has only been measured afterwards using the GREMI-probe (see
colour bar in figure 4.4). The figure shows no change in the particle charge after the
plasma has been turned off. This means that particle charge is mainly influenced by
the plasma charging on the measured timescales.

A high vacuum is required for the charge measurements (see section 3.13.1).
Therefore, pumping is always a part of the measurement procedure between the
plasma and the charge measurements; thus, there are no measurements with delays
below approximately 10 s. During most of the measurements the vessel is pumped
down within 10 s after the end of the plasma. Therefore, the particles are in a vacuum
for most of the delay time. This is not the case for the two measurements marked
with squares in figure 4.4. For these, the vessel was kept at the 0.5 mbar pressure used
for the plasma and only pumped down in the last 10 s before the measurement. This
different pumping procedure does not influence the measured charge.

We do not see the long charging timescale for the red particles in figure 4.2b.
They charge towards their lower equilibrium charge on a much shorter timescale. If
the surface conductivity would explain the long timescale, this would imply that the
red particles have a much higher surface conductivity than the green particles. This
might be true, because they are produced by different manufacturers with, presumably,
different procedures. This can easily influence the surface conductivity, because it is
caused by defects in the polymer surface. The surface conductivity will also be higher
when there is a layer of water adhered to the particle surface. This, in turn, is strongly
influenced by the particle surface roughness (see also section 5.1).

It was attempted to measure the particle conductivity in section 3.9.1. It was shown,
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Figure 4.4: Mean (markers) and standard deviation (error bars) of the charge
on green particles on a surface after different delay times after a short durations
(colours) of plasma. For the measurements with the circle markers, the vessel was
pumped down within 10 s after the plasma. For the two square markers it was
only pumped down approximately 10 s before the measurement.

that outside the vessel with no plasma, the particle resistance was at least hundreds
of tera ohms. Under the experimental conditions, the resistance may, however, be
significantly lowered. A difference in surface resistance could thus not directly be
measured in section 3.9.1. It was, however, anticipated from the charge artifacts in the
SEM-measurements in section 3.9.2 that the red particles have a higher conductivity
than the green ones.

Another effect that may explain the long timescale is the heating of the substrate
or particle. Such heating effects will be further examined in section 5.4.3.

Also the plasma itself is slightly changing on the seconds timescale (see sections 3.8
and 4.2.4). However, there is no reason why this would have an effect on the green
particles and not on the red particles.

Plasma etching does not have a significant effect on the particle size in the used
timescales. Separate experiments with in-situ imaging have shown no visible change
in particle size for plasma durations of over an hour.

Karasev et al. [55] have recently shown, that a neon glow discharge may alter the
surface of microparticles. They measure the surface of 7 µm melamine-formaldahyde
particles after levitation for 5 minutes in a plasma. They see an increase of the particle
surface roughness after the plasma. They suggest this is due to the ions hitting the
particle and dislodging material from its surface.

This effect is, however, unlikely to influence the current measurements. Our
particles are in the plasma sheath. Therefore, we expect a higher ion energy flux and
thus particle surface modification. This is, however, limited to the plasma facing side
of the particle. The substrate facing side is shaded from direct ion impact. The ions
are, therefore, unlikely to alter the conductivity between the particle and the surface.

The results in the remainder of this section were obtained with a plasma duration
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Figure 4.5: Mean (dots) and standard deviation (error bars) of the charge
measured on red and green particles in different measurements with different
amounts of particles (a) counted falling in the measurement section (b) counted
on the piezo surface before the measurement.

of 50 s, unless stated otherwise. This ought to be enough time to reach an equilibrium
charge.

4.2.2 Particle count
We have seen in section 2.4, that the particle can have a much higher surface charge
density than the substrate it is on. This was explained by the sideways electron flux.
Electrons coming from the side, like nr. 3 in figure 2.7, add to the electron flux, causing
a more negative equilibrium particle charge (as shown in figure 2.15). This additional
electron flux will be blocked when there are other particles close by (see section 2.4.2).

Figure 4.5a shows the mean measured particle charge in multiple measurements. It
is sorted by the amount of particles counted falling through the measurement section
in each measurement. If the particles are packed closer together we expect to see more
particles in the measurement section. Therefore, particles in measurements with the
lowest count are expected to be least influenced by their neighbours. There, however,
does not seem to be a relation between particle count and mean charge in figure 4.5a.
This might be because, even with highest particle count, the packing is still quite
loose.

We have also tried to directly image the particles initially on the surface. Figure 4.6a
shows part of the surface. The square in the middle is the top of the piezo electrode.
it is separated from the rest of the surface by a small ditch. Many particles can be
seen lying on the piezo and the rest of the surface. Note that these are hard to image,
because any unevenness in the surface will reflect the laser light, just like the particles.

Figure 4.5b shows a number of measurements sorted by the amount of particles
initially counted on the piezo. Again, there does not seem to be a direct correlation
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Figure 4.6: (a) Example image of particles on the surface. (b) Count of the
falling particles and initial surface particles in different measurements.

with the mean particle charge. Note that the lowest two points (8 and 9 particles)
have a significant negative charge, but the next two points (both 10 particles) have a
mean positive charge. This thus seems to be more caused by statistical noise than by
a physical process.

It is also interesting to note that there does not seem to be a correlation between the
initial surface particle count and the amount of measured falling particles (figure 4.6b).

There are measurements with less falling particles than originally on the piezo
surface. This can be explained, because not all particles may be released from the
surface; some may adhere so strong that they keep sticking (see also section 5.1). Also,
particle that are released may have such an initial sideways velocity that they will
miss the measurement section and fall besides it.

There are, however, more cases in which more particles are found falling than
there were initially on the piezo surface. This seems counter intuitive. In these cases,
bouncing particles (see section 4.1.3) have been found to contribute less than 10% of
the total falling particle count. Therefore, there must be another source of particles.

A possible source might be smaller, contaminating, particles on the piezo. These
might be too small to see on images like figure 4.6a, but will be observable when there
is no scattering laser light from the surface nearby. Note that for these particles the
determined charge would not be correct, because our method depends on the known
particle mass for the applied particles. Smaller particles are, however, very unlikely
to be released by piezo vibration, because the vibration force scales with the particle
mass and quickly becomes negligible for small particles (see section 3.2).

Another, more likely, source are the particles on the surface around the piezo.
There are many particles here (see figure 4.6a). These have been observed to also
release when the piezo is agitated. This might be due to mechanical vibrations being
transferred from the piezo to the surrounding cover plate.
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Figure 4.7: Mean (dots connected by line) and standard deviation (error bars)
of the charge on the green particles on a conducting (green) and a non-conducting
(blue) piezo after exposure to different durations of plasma. The black markers
are also for a non-conducting piezo, but without the use of a cover plate (see text).
The green markers are the same as in figure 4.2b.

4.2.3 Substrate conductivity

In the above experiments, the piezo had a gold-coated top layer. The particles are
thus effectively sitting on a conducting surface. Some experiments have been repeated
without this coating. In this case the top layer is a non-conducting ceramic material.

Figure 4.7 shows the charge of the green particle as function of the plasma duration
for the original gold-coated (green) and the uncoated (blue) piezo. Both sets show
similar results.

Both the non-conducting and the floating conducting surface are expected to charge
to the same floating potential. Therefore, the surface material will not necessarily
influence the particle charge. It will only matter if the particles are conducting. In
that case they will share their charge with a conducting surface, and not with an
insulating surface. These measurements thus seems to indicate that the particles are
non-conducting (see also section 3.9.1 and 4.2.1).

Above, it was suggested that part of the measured particles may not have been
released from the piezo, but rather from the surrounding cover plate (see schematic
drawing in figure 4.8). This is conductive and grounded in all the measurements. To
eliminate this influence, the non-coated measurements have also been repeated without
the cover plate (black markers in figure 4.7). This means that the electrode geometry
is different around the piezo. Firstly, the piezo slightly sticks out (∼ 0.1 mm) above
the surrounding grounded electrode. Secondly, the gap between the piezo and the rest
of the electrode is larger (∼ 0.5 mm). Thirdly there is a ditch (2 mm deep, 3 mm
wide) running from the piezo to the edge of the electrode with the piezo wires in it.
This also means that the piezo wires are exposed to the plasma. This may induce
currents in them, which can agitate the piezo and remove some of the particles on it.
No influence of this is, however, found in the experiments; the measurements without
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Figure 4.8: Schematic drawing of the grounded electrode in the vibration setup
(not to scale). The electrode is shown in grey, the piezo in blue, a dust particle in
brown, the cover plate in green and the two wires running to the piezo in red.

the cover plate are similar to those with it. Therefore, this slight change of geometry
and the particle release from the cover plate do not influence the measured charge.

These results seem to indicate that the particles themselves are non-conducting.
There are, however, also alternative explanations. Firstly, it is possible that the
conductivity does not influence the particle charge. This is e.g. possible if the particles
are packed close together, such that neighbouring particles block the sideways electron
flux, that was found to be important for the additional charging of insulating particles
in section 2.4. The packing of the particles in these experiments is unclear. Secondly,
the non-coated piezo surface may not have an infinitely large resistance. It is made
of an insulating material, but this does not mean it does not conduct at all. This
was similarly argued for the insulating particles in section 3.9.1. The piezo top may
exhibit surface conductivity due to e.g. surface lattice defects. In this case one would
also not expect a difference due to the gold coating.

The surface conductivity of the piezo has been measured using the Agilent 34401A
61/2-digit digital multimeter, that was also used for the particle conductivity mea-
surements in section 3.9.1. This measured a resistance of > 1 GΩ (the top of its
measurement range) between two electrodes placed 1 mm apart on the uncoated piezo.
This is much more than the 0.3 Ω measured for the gold coated piezos. It is, however,
unclear how this relates to the particle conductivity, because both the particles and
the piezos show a resistance higher than the maximum measurable value.

In the rest of this chapter we use the gold-coated piezo with the cover plate.

4.2.4 Plasma power
The used plasma can be influenced by supplying different input powers. This is mainly
done by varying the RF voltage. Figure 4.9 shows the input RF voltage, current and
power, as well as the DC bias on the powered electrode (see section 3.6). Note that
the power is not simply the multiplication of the voltage and current; the phase angle
between them also needs to be taken into account. For half of these measurements we
have lowered the input power (blue lines). The results above were acquired using the
higher input power (red lines).

The particle charge does not seem influenced much by the change in input power
(figure 4.10). The mean charge for the high power measurements is +3 · 103 e (SD:
76 · 103 e) and for the low power −6 · 103 e (SD: 61 · 103 e). According to the
student T-test (see section 3.11) there is a 8% chance on this difference by coincidence.
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Figure 4.9: Plasma input RF RMS (a) voltage, (b) current and (c) power and
(d) powered electrode DC bias for the high (red) and low (blue) plasma power
measurements in 0.5 mbar argon.

Generally a boundary of 5% is used for significant effects. Therefore, our measurements
are inconclusive; we cannot say that there is a significant effect. If there is a trend
with power, however, it is opposite to the one found below for the 5 mbar plasma
(figure 4.13c).

4.2.5 5 mbar

The plasma in all previous experiments was created in 0.5 mbar (50 Pa) argon. This
created a stable capacitively coupled plasma. At higher pressure (5 mbar) the plasma
is less reproducible, changes over time and sometimes fluctuates on a timescale of
seconds. This is visible in the input voltage, current and power traces in figure 4.11.
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Figure 4.10: Histogram of the charge on the green particles after being exposed
to a high or a low power plasma.

Plasma power

Like above, we have tried to create a group of high and low power plasmas (red and
blue lines in figure 4.11). At 5 mbar the two groups are, however, not as distinguishable
(compare to figure 4.9). In the power measurements (figure 4.11c) the low-power group
is still generally below the high-power group. However, they overlap in the voltage
and current measurements (figures 4.11a, b and d). Also, for some reason the power
increases over time in some measurements; doubling on timescales from 10 s to over
100 s in the different measurements. Additionally two of the measurements show
fluctuations of the plasma; these happen on different timescales, and none of the
other measurements show them. It is unclear what causes the power doubling or the
fluctuations. The plasma seems strongly influenced by an unknown outside parameter.

We have investigated the change in gas composition using a mass spectrometer in
section 3.8.1. This showed a change in approximately 200 s, a longer timescale than
that of the power change. Furthermore a similar change in gas composition was seen
for both the 0.5 and 5 mbar measurements. Therefore, the gas and power changes are
unlikely to be directly related.

It is unclear what exactly causes the power change. It might be related to heating
of the electrodes. This will be further examined in section 5.4.3.

Finally, note that the total dissipated plasma power in figure 4.11 is roughly
comparable to that for the 0.5 mbar measurements in figure 4.9. There is, however,
significantly less DC bias. The DC bias is caused by the asymmetry between the
powered and the grounded electrode. This is the case because the entire vessel wall is
also grounded and acts as an additional grounded electrode. With lower pressure, the
plasma tends to be bigger and thus closer to the outside wall. Therefore there is more
asymmetry and DC bias for lower pressures.

125



CHAPTER 4. CHARGE RESULTS

0 20 40 60 80 100

Time (s)

0

10

20

30

40

R
F

R
M
S
V
o
lt
a
g
e
(V

)

(a)

0 20 40 60 80 100

Time (s)

0

0.5

1

1.5

2

2.5

R
F

R
M
S
C
u
rr
en
t
(A

)
(b)

0 20 40 60 80 100

Time (s)

0

10

20

30

40

R
F

R
M
S
P
ow

er
(W

)

(c)

0 20 40 60 80 100

Time (s)

-50

-40

-30

-20

-10

0

D
C

B
ia
s
(V

)

(d)

Figure 4.11: Plasma input RF RMS (a) voltage, (b) current and (c) power and
(d) powered electrode DC bias for the high (red) and low (blue) plasma power
measurements in 5 mbar argon. The start and end of the plasma discharge is
visible by the verticale lines.

Particle charge

The duration of the plasma is varied, as visible by the verticale parts of the curves
in figure 4.11. Figure 4.12 shows the charge on green particles after being exposed
to these plasmas as function of the plasma duration for the ‘high power’ and ‘low
power’ measurements. For neither of the sets there appears to be a relation between
the plasma duration and the particle charge. Do note that all mean particle charges
are positive, as opposed to the 0.5 mbar case above. It is unclear what causes this
difference. Also the low power measurements give a higher mean charge than the high
power ones for all the durations. This was not the case for the 0.5 mbar measurements.
Again, the cause is unclear.
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Figure 4.12: Mean (dots) and standard deviation (errorbars) charge on the green
particle after a high power (red) and low power (blue) plasma at 5 mbar argon as
in figure 4.11 for different plasma duration. High and low power measurements
with the same duration are slightly shifted for visualisation purposes.

Figure 4.13 shows the mean particle charges in the measurements sorted by the
plasma power (4.13a) and DC bias (4.13b) at the end of the plasma. As already
anticipated above, the measurements with a lower final plasma power result in a
higher positive particle charge. This is even clearer in figure 4.13c, where the data
is combined in intervals of 2 W (horizontal error bars). Such a trend is not visible
for the DC bias (figure 4.13d). Also the charge distribution is much broader than the
change in mean particle charge.

4.3 Charge theory
A number of theories for the charge of a particle on a surface in a plasma were discussed
in chapter 2. These can be compared to our experimental results, using the plasma
parameters from the PLASIMO simulations in section 3.7.

4.3.1 Equilibrium model
Determining the charge on a particle on a surface in a plasma is a tedious problem.
This was examplified by the different calculations in chapter 2. In section 2.4 we have
developed a model to determine the charge on an insulating particle on a surface,
by balancing the ion and electron fluxes. We have rerun this model for an electron
temperature of 4 eV and a density of 2 and 5 · 1015 m−3, as taken from figure 3.22.
The resulting particle charges are shown by the black solid lines in figure 4.14.

This model is, however, developed for equilibrium charges in DC plasmas and
thus does not take the RF fluctuations into account. These fluctuations occur on
a timescale that is approximately a factor 10 smaller than the charging timescale
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Figure 4.13: Mean (markers) and standard deviation (error bars) charge on the
green particles after a high power (circles) and low power (squares) plasma at
5 mbar argon as in figure 4.11 for different plasma duration (legend) sorted by the
final (a,c) plasma power and (b,d) DC bias. panels a and b show all individual
measurements and in c and d they are grouped over intervals (horizontal error
bars).

(charge divided by electron and ion flux). Therefore, the real particle charge would
not fluctuate much in the RF-cycle (see section 4.3.2 below).

Other estimates assume that the particle acquires a similar surface charge density
to the surface (see section 2.4). This is true when the particle is conductively connected
to the surface. In this case the particle charge can be deduced from the electric field
near the surface (dashed black line in figure 4.14).

Besides these mean particle charges, it has been suggested that the charge fluctua-
tions may be important (see section 2.3). These fluctuations are, however, relatively
small compared to the mean charge on the big 100 µm particles (1 · 103 e; dotted black
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Figure 4.14: Measured mean (red and green solid horizontal line) and SD (red
and green dotted horizontal line; hatched region) charge on the red and green
particles. The black solid lines (bottom axis) are charge estimates for a single
insulating particle as in section 2.4 (with bulk electron density of 2 and 5 ·1015 m−3

for respectively the right and left line). The dashed black line (top axis) is an
estimate for conducting particles as in section 2.2. The dotted black line is an
RMS fluctuations estimate as in section 2.3.

line in figure 4.14).

The experimental results are shown in figure 4.14 by the horizontal red and green
lines (mean charge) and hatched regions (standard deviation). All plasma results in
figure 4.2b are summed. Therefore, the green particles have a large negative mean
charge and high standard deviation, mainly induced by the short-plasma measurements.
The grey shaded area indicates our measurement accuracy (SD from figure 3.43).

Both the insulating and conducting theoretical estimate show charges in the same
order of magnitude as the experimental results. This comparison is, however, limited
due to both experimental uncertainties in the particle conductivity, and theoretical
uncertainties in the influence of the RF fluctuations.
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Figure 4.15: (a) Surface - plasma potential (left axis) in the RF period from the
PLASIMO model (solid black line) and simplified for the particle model (dashed
black line) together with (right axis) the resulting equilibrium charge in a plasma
with density 2 (red) and 5 (blue) ·1015 m−3 from the section 2.4 DC particle model
for each potential (solid line) and the section 4.3.2 time dependent particle model
(dashed line). The stepwise behaviour is due to the simplified potential. (b) Ion
(dotted lines) and electron (solid lines) fluxes towards the charged dust particle
for a plasma density 2 (red) and 5 (blue) ·1015 m−3.

4.3.2 Time dependent model
The timescale of the RF fluctuations is shorter than the typical charging time. There-
fore, comparing the equilibrium charges with the experimental results is not realistic.
A better estimate can be obtained by creating a time dependent model using the
calculated electron and ion fluxes, which will be done below.

High power

We use the surface potential data from the PLASIMO model (figure 3.17a). Specifically
the potential difference between the surface and the middle of the plasma (solid black
line in figure 4.15a). This is simplified to a stepwise potential to facilitate the model
(dashed black line).

Applying the equilibrium charge model from section 2.4 to this, results in the
charges indicated by the solid red and blue lines in figure 4.15a for a plasma with
electron density of, respectively, 2 and 5 · 1015 m−3 and electron temperature 4 eV
(as in the PLASIMO model; figure 3.20a and c). Note that the stepwise behaviour is
due to the simplified stepwise potential. The equilibrium charge depends only slightly
on the density. It fluctuates between −0.5 and +2 · 106 e in the RF cycle. This is
physically unrealistic because the charging timescales are much longer than the RF
period.
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Figure 4.16: Simulated charging of a 100 µm particle in the RF plasma from
figure 4.15 with density 2 (red) and 5 (blue) ·1015 m−3.

A more realistic result is obtained by applying a model similar to the charge
fluctuation model in section 2.1.2. We calculate the development of the particle charge
in time. At each time step, we first determine at which phase in the RF-cycle we are.
For this phase time we take the surface potential from figure 4.15a. This, combined
with the particle charge, is used to determine the electron and ion fluxes from the
particle model and then the electron and ion hit probability as in the fluctuations
model. The particle charge is then adjusted accordingly for the next time step.

Figure 4.16 shows the charging of an initially uncharged particle in a plasma with
density of 2 and 5 · 1015 m−3 and the potential from figure 4.15a. For both densities
the particle charges negative to between 0.2 and 0.3 · 106 e. For the higher density, this
happens faster. This is expected from the higher electron and ion fluxes in this case.

The charging timescale can be estimated by dividing the final charge by the typical
electron and ion flux. This results in a timescale in the order of 1 µs. This is in
agreement with figure 4.16.

The final charge only slightly oscillates in the RF cycle. These oscillations are
more clear at the higher densities, where the higher fluxes lead to a shorter charging
time. The charging time is, however, still longer than the RF period.

The final equilibrium charge (dashed lines in figure 4.15a) is below the equilibrium
charge for most of the RF period. This is due to the high electron flux in the short
period that it is above the equilibrium charge. The ion flux is approximately constant
throughout the RF period, while the electron flux strongly fluctuates (figure 4.15b).
This causes a short but fast charge decrease and a long but slow charge increase, as
visible by the asymmetric oscillations in figure 4.16.

No random charge fluctuations are visible in figure 4.16. This is because they are
relatively unimportant for these large particles (see e.g. figure 2.2b).

Low power

The low power measurements were also simulated in PLASIMO (figure 3.22). These
showed a less negative potential on the surface compared to the plasma (figure 4.17a).
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Figure 4.17: (a) Same as figure 4.15a, but for the low power PLASIMO model
(right graphs in figure 3.22). (b) Simulated charging of a 100 µm particle in the
low power RF plasma from panel a with density 5 (red) and 10 (blue) ·1014 m−3.

The final equilibrium charge is also less negative (figure 4.17b). The difference
compared to the high power plasma is, however, only small. This is, because they both
have the same electron temperature (figure 3.20c and 3.22b). The electron density is
approximately a factor 10 smaller for the low power plasma (figure 3.20a and 3.22a),
but this only marginally influences the particle charge, as it lowers both the electron
and ion flux.

The potential is also different between the low and high power plasmas. The
low power plasma has a less negative surface potential compared to the high power
simulations (figure 4.15a and 4.17a). This, however, does not strongly influence the
particle charge, which is mainly influenced by the high electron flux at the highest
(least negative) surface potential in the RF cycle. This highest potential is around
−10 V for both the high and low power plasma.

Therefore, the equilibrium particle charge is similar in the high and low plasma
power simulations. The same was observed in the experiments in section 4.2.4.

Electron temperature

The electron flux strongly depends on the electron temperature. A change in electron
temperature will, therefore, strongly influence the particle charge. Figure 4.18 shows
the final equilibrium charge on the dust particles, as simulated above, but with an
artificially changed electron temperature. The charge fluctuations in the RF cycle are
smaller than the line width.

For these simulations, we have used the same surface potential as above, and only
changed the electron temperature. This is not physically realistic, as the electron
temperature will strongly influence the surface charging.

These results show that a change in electron temperature can strongly influence

132



4.4. DISCUSSION

1 2 3 4 5 6 7 8

Electron temperature (eV)

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

P
a
rt
ic
le

ch
a
rg
e
(1
0
6
e)

Figure 4.18: Equilibrium charge on the particles when artificially changing
the electron temperature for the low (dotted line) and high (solid line) power
PLASIMO model with density of, respectively, 5 (dotted red) and 10 (dotted
blue) ·1014 m−3 and 2 (solid red) and 5 (solid blue) ·1015 m−3.

the final charge of the particle from positive for low electron temperatures to negative
for high ones.

4.4 Discussion
The particles on the surface are initially charged due to the triboelectric effect. This
was mainly due to contact between the particles in the dust dispenser, causing some
to charge positive, some negative and others to remain neutral.

The plasma charges the particles on the surface towards a certain equilibrium. This
equilibrium is lower than the typical triboelectric charge. The plasma, thus, effectively
decharges the particles.

The decharging timescale is different for the two particle sets; for the green particles
it is tens of seconds, while for the red particles it is less than a millisecond. This last
timescale is as to be expected for plasma charge effects, which tend to happen at a
microsecond timescale. It is unclear why there is a difference between the particle sets,
or what causes the green charging timescale to be so long.

Surface conductivity might be an explanation for the long charging. This can
typically lead to these long timescales. We have not been able to directly measure the
particle conductivity in section 3.9.1, because its resistance is above the measurable
maximum for the used equipment. It was, however, also anticipated from the charge
artifacts in the SEM-measurements in section 3.9.2, that the red particles have a
higher surface conductivity than the green ones.

The final equilibrium charge for the green particles is closer to that for conducting
than for insulating particles. The charge of the red particles is below both predictions.

The theoretical charges were determined using the PLASIMO simulations in
section 3.7, which resulted in a 4 eV electron temperature. This is higher than the
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measured excitation temperature around 1 eV in section 3.8.2. This lower electron
temperature will result in a lower net charge. Quantifying this is, however, not
straightforward, as the change in electron temperature will also result in a change in
the densities and electric potentials.

The particle charge may have been influenced by the post-plasma dynamics. We
have shown that the charge does not change on timescales between 10 and 1000 s
after the plasma. We are, however, unable to determine the change within the first
second after the plasma; this phase is intrinsically always present in the measurements
and may lower the particle charge. This does, however, not explain why the green
particle charge depends on the plasma duration, because the post-plasma dynamics
are expected to be similar, independent of plasma duration.
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5
Force results

The centrifuge and vibration setup were used to quantify and, more importantly,
understand the force effects of a plasma. The first step is to measure the forces on the
particles in absence of the plasma (section 5.1). This is mainly the adhesion sticking
the particles to the surface. Using this we can then determine the effect of the plasma
(section 5.2).

There are two possible explanations for the plasma effect, which we will discuss
and investigate. Firstly, there is the electric force that was anticipated in the theory in
section 1.3. We will investigate this in section 5.3, where we will show that an electric
force alone is not enough to explain our experimental results. Secondly, there may be
a change in the adhesion due to the plasma. This is e.g. possible when the plasma
evaporates water, decreasing the capillary force. This is discussed in section 5.4.
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Figure 5.1: Adhesion of (a) the green and red particles in the vibration setup
and (b) green particles in the centrifuge setup with the magnesium disk (green)
and the titanium disk (cyan). The dashed black line indicates the plasma force as
calculated in section 5.2.1. The figures summarise the adhesion of (a) 1312 red
particles in 159 measurements and 115 green particles in 5 measurements and (b)
4300 green particles on the magnesium disk in 25 measurements and 5392 green
particles on the titanium disk in 15 measurements.

5.1 Adhesion
The adhesion of the green and red particles has been measured by counteracting it
with a probing force as described in section 3.1. Figure 5.1a shows the result when
using the vibration setup from section 3.2. In this setup we vibrate the surface with
the particles on it and monitor when they are released. From this, we deduce the
adhesion force that stuck the particles to the surface.

Both particle sets show a broad distribution of adhesion for different particles
from the same set, even though these particles should be equal. This might be due
to differences in surface roughness. This may influence the particle adhesion, that is
strongly dependent on the contact surface (see appendix A). Particles are deposited
on different positions on the surface. The surface is not perfectly smooth, but has
a certain roughness that will influence the particle adhesion. Particles at different
positions will experience different roughness and adhesion; e.g. a particle in a ditch
might feel a higher adhesion force than one on a hill, because this last one has a
smaller contact surface.

Figure 5.2 shows the roughness of a piece of piezo surface. It clearly shows that the
surface is not atomically flat, but has extrusions at different length scales. Particles
adhered to different parts of this surface will experience different adhesion forces.

The broader distribution of the red compared to the green particles is probably
due to the experimental method. The adhesion of the red particles has been measured
at different moments spanning over a year and using different piezo actuators, while
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Figure 5.2: (a) Surface roughness of a piezo actuator obtained using confocal
microscopy. (b) Height profile extracted from a line through the profile in panel a.

all the green adhesion measurements were performed in one day using only one piezo
actuator. Therefore, the red adhesion measurements are more influenced by changes
in climate (temperature, humidity) and in surface roughness.

Figure 5.3 shows the adhesion measurements of the red particles as done by
different piezo actuators in the otherwise identical vibration setup. All piezos are the
same make and model, so they should theoretically show similar results. In practice,
however, the particles clearly adhere more to some piezos (e.g. orange and red) than
to others (e.g. purple and cyan). This could be due to a difference in top piezo surface.
The microscopic roughness of this may be different for different piezos, leading to a
difference in adhesion.

The ‘purple’ piezo was used for most of the measurements with the red particles,
for both adhesion force in figure 5.1a and plasma force below. The green particle
adhesion has only been measured using a different piezo, which has not been used for
the red particles.

The green particle adhesion has also been measured using the centrifuge setup
(figure 5.1b). This has been done using both the magnesium and the titanium disk.
There is no significant difference between the adhesion to these two disks. This was
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Figure 5.3: Adhesion of the red particles in the vibration setup measured using
different piezo actuators (colours).

also not expected, because the material properties have only little influence on the Van
der Waals force (see appendix A). Both disks are expected to have a similar surface
roughness, as they are manufactured in the same way.

The centrifuge shows a lower adhesion than in the vibration setup. This might be
due to differences in the surface between the disks in the centrifuge and the piezos in
the vibration setup.

Also the vibration measurement itself might influence the adhesion measurement.
The vibration force does not only remove the particles from the surface; half the time
it pushes the particles into the surface. This might deform the particles, increasing
their contact surface and therewith the adhesion force. This does not happen in the
centrifuge, where the centrifugal force on the particles is always pointing away from
the surface. Therefore, the measurement mechanism itself might lead to a higher
adhesion in the vibration setup than in the centrifugal setup. In this case, the results
from the centrifugal setup are most reliable for freshly deposited particles.

All measured adhesion forces are much higher than gravity. This is only approxi-
mately 5 nN for these particles.

5.1.1 Pressure dependence
The adhesion force was measured for different pressures in the centrifuge with the
magnesium disk. Figure 5.4a summarises the results. The adhesion is similar for all
pressures, as is to be expected from theory. This also illustrates that flow effects do
not influence the centrifuge measurements.

The flow forces have been investigated numerically. For this purpose a 3D flow
model was created using COMSOL Multiphysics software [137]. Further details on
these simulations can be found in [6].

Figure 5.4b shows the simulated particle (white circle) on the centrifuge disk (white
part to the left) spinning at 20 000 rpm in 1 mbar argon. The spinning centrifuge
causes a flow in the surrounding gas (arrows). This flow velocity is equal to the
centrifuge edge velocity at the boundary and then decreases onwards. This also causes
a lower pressure around the disk compared to the surrounding pressure, like in a
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Figure 5.4: (a) Adhesion of the green particles to the magnesium disk in the
centrifuge setup at different pressures. The closed circles show the mean adhesion,
the open circles the median and the error bars span 68% of the measured particles.
The plot is composed of 0.2 mbar: 252 particles in 1 measurement; 0.3 mbar:
1903 particles in 12 measurements; 0.5 mbar: 1031 particles in 2 measurements;
0.7 mbar: 97 particles in 2 measurements; and 0.8 mbar: 1017 particles in 8
measurements. (b) Simulation of the flow velocity (arrows) and pressure difference
(colours) around a 1 mm particle on the centrifuge spinning at 20 000 rpm in
100 Pa (1 mbar) argon.

centrifugal pump.

The particle is stuck to the centrifuge and will thus always move with the centrifuge
edge. The particle will, therefore, move faster than part of the surrounding gas. This
causes a pressure increase in front of and a decrease behind the particle (red and blue
areas in figure 5.4b). These are most pronounced at the point furthest away from the
disk, because here the velocity difference is greatest.

The flow will cause two forces on the particle: a pressure force due to the pressure
difference and a shear force due to the velocity differential. The simulations have
shown that these forces are negligible compared to the adhesive and centrifugal force
under all used experimental conditions. They are at least two to three orders of
magnitude below the centrifugal force.

The flow forces will increase with pressure. No such effect was found in the adhesion
measurements in figure 5.4a. This, therefore, confirms the numerical finding that the
flow forces are negligible in the current experiments.

In figure 5.1b the results from all the used pressures was combined, because no effect
was found. The vibration adhesion measurements (figure 5.1a) were only performed at
0.5 mbar.
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Figure 5.5: Adhesion of the 8 µm green particles in the centrifuge setup.

5.1.2 Smaller particles
Besides the 100 µm particles, the adhesion of 8 µm green particles has also been
measured using the centrifuge setup (figure 5.5). These particles show an almost three
orders of magnitude lower adhesion force than the 100 µm particles. This indicates a
much stronger scaling than the linear scaling expected from the ideal Van der Waals
force (equation A.13).

The scaling of the Van der Waals force is, however, influenced by the roughness. A
different ratio between the typical roughness size and the particle radius may change
the contact surface and therewith the Van der Waals force.

Alternatively, the adhesion might be caused by a different force than the Van der
Waals force. This might, for example, be a capillary force, which we will look at in
section 5.4.

Finally note that these adhesion measurements might be corrupted due to particle
clustering. The 8 µm particles form clusters more easily than the 100 µm particles.
These clusters are removed by lower centrifugal forces, because their mass is relatively
large (see also appendix C). This might lead to an underestimation of the adhesion
force on the 8 µm particles. We are not able to discriminate between particle clusters
and single particles in the centrifuge measurements.

Vibration

It has been attempted to measure the 8 µm green particle adhesion in the vibration
setup. This was not successful, as no particle removal was visible for even the strongest
vibrations. This means that the adhesion force was stronger than the maximum
vibration force (approximately 20 nN).

This finding is not in line with the centrifuge results. Firstly the adhesion is higher
than found with the centrifuge. A similar effect was found for the 100 µm green
particles above in figure 5.1. These also adhered stronger in the vibration setup.

Secondly, the adhesion scaling is weaker than the cubic scaling found above. This
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(a) (b)

Figure 5.6: Images of the 8 µm green particles in the vibration setup (a) before
and (b) after applying the maximum possible vibration force.

is more in line with the Van der Waals force theory in section A.13. Note that a cubic
scaling would imply that particles of all sizes would be equally easy to remove in the
vibration setup, because the vibration force also scales cubically with the particle size
(see section 3.2.1).

However, large clusters of 8 µm particles were removed by the vibration force
(figure 5.6). These clusters have a larger mass with a relatively smaller contact area.
Therefore, they are removed more easily by the vibrations. Similar results have also
been found for 100 µm particles (see appendix C). No quantitative conclusions about
the magnitude of the force can be drawn from these observations, because it is unknown
how many particles are exactly in a cluster and how many of them contribute to the
contact surface.

Note that, as the clusters are removed, they seem to leave behind smaller clusters
and single particles that are scattered over the vibrating surface. These are thereafter
not removed by the vibrations because their mass is much smaller.

5.2 Plasma
Above, we have measured the adhesion force with which the particles stick to the
surface. The next step is to apply a plasma and measure the effect on the particles.

When a plasma is applied over a surface, a significant part of the 100 µm green
particles is spontaneously removed. This does not happen for the red particles.
Therefore, we have to use two different methods to determine the force effect on
the particles. The first one is to look at the removed fraction and the second one

141



CHAPTER 5. FORCE RESULTS
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Figure 5.7: Images of the green particles in the (a,b) centrifuge and (c,d) vibration
setup (a,c) before and (b,d) after a plasma was applied.

is comparing the adhesion measurements with and without plasma. Below we shall
discuss the results from both techniques. Hereafter, in the next two section, we shall
discus the physical causes behind the experimental observation.

5.2.1 Particle removal
Figure 5.7 shows pictures of the 100 µm green particles in the centrifuge and the
vibration setup before and after applying a plasma. The white dots are the particles.
Clearly a significant portion of them has left due to the plasma.

Note that for these measurements the centrifuge and vibrations themselves are not
used. Only the plasma is applied in the setups. The observed removal is thus only
due to the plasma.

Removal portion

The removal has been measured at multiple pressures and plasma input powers (see
also [92]). Each marker in figure 5.8a summarises this as the percentage of particles
that have left the centrifuge when the plasma was turned on. There is a spread in
the removal percentage, but there seems to be no correlation between the removal
percentage and the pressure or input power.

There is a correlation between the background pressure and input power. This is
due to the plasma setup; the amount of power dissipated in a plasma setup generally
depends on the gas pressure and the equipement used to power the setup.

The measurements were done using both a magnesium disk (circles) and a titanium
disk (squares). These show no difference in removal.

The measurement points in figure 5.8a contain between 17 and 240 green particles
that were visible with the camera. With more particles, the spread in removal
percentage is reduced (figure 5.8b) as is to be expected from a stochastic process.
Besides this, there is also an increase in removal percentage with particle count. This
is clear when we combine the measurements in groups containing at least 200 particles
and then calculate the removal percentage (black stars with error bars in figure 5.8b).
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Figure 5.8: Percentage of the green particles removed from the centrifuge setup
with the magnesium (circles) and titanium (squares) disk, when the plasma was
turned on at different pressures as a function of (a) the input plasma power and
(b) the amount of particles in a measurement. The black stars with error bars in
panel b sum the measurements into groups containing at least 200 particles.

The increased removal percentage is probably due to the increased particle density.
This causes particles to be stacked, forming clusters, which might be easier removed.
The increased density will also increase the chance of one removed particle bumping
into another one and thereby removing it.

The removal in the vibration setup was only measured at a background pressure of
0.5 mbar, but with different input powers and bias voltages on the surface (figure 5.9a;
see also [67]). The removal percentage in the vibration setup is significantly lower
than in the centrifuge setup; respectively 10% and 84%. This could be due to the
difference in adhesion, as discussed above. If the particles are adhered more in the
vibration setup, it will be harder for the plasma to remove them. We shall quantify this
below. Additionally, the difference might be due to a difference in plasma. The two
setups have a different electrode layout and, therefore, different plasma parameters, as
discussed in section 3.6.

The removal percentage increases with decreasing surface bias potential. This
is mostly visible in the black stars in figure 5.9a for which we have summed all
measurements at each applied potential. These are highly influenced by the amount of
measurements without any particle removal; i.e. there is a large stack of overlapping
measurements with 0% removal in the graph.

The removal percentage with 0 applied potential is highly influenced by a single
measurement with 76% removal. It is unclear why this particular measurement has a
very high removal percentage. The removal percentage is significantly lower without
this measurement (red star in figure 5.9a).

The left most set of points were obtained without biasing the surface. These show
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Figure 5.9: Percentage of the green particles removed from the vibration setup at
0.5 mbar when the plasma was turned on with different input powers as a function
of (a) the surface bias and (b) the amount of particles in a measurement. The
black stars show the total removal (a) at each bias and (b) of measurement groups
containing at least 40 particles. The red star in panel a disregards the outlier of
74% removal. The black edges mark the measurements at the floating potential.

a remarkably high removal percentage. The surface potential would in this case be
expected to be around -10 to 0 V (see section 3.7). The removal percentage is however
higher than for the measurements with the 0 or -10 V potential bias. This could be
caused by an experimental bias. The floating potential measurements were performed
with on average more particles on the surface. This may cause the higher removal
percentage.

The imaged surface in the vibration setup is significantly smaller than in the
centrifuge setup. Therefore, each measurement in figure 5.9a only uses 5 to 28 particles.
This increases the statistical variations compared to the centrifuge setup. Like in the
centrifuge, the vibration setup also shows an increase in removal with an increase
in particle count (figure 5.9b). Note that figure 5.9b has many overlapping markers,
because many measurements show only 0 to 2 particles being removed.

The measurements at the floating potential are indicated with a black edge in
figure 5.9b. These have an above average particle count. Therefore, the high removal
percentage at the floating potential in figure 5.9a could be due to this high particle
count.

Force quantification

Part of the green particles get removed when a plasma is applied. This is most likely
the portion with the lowest adhesion. That is, it is easiest to remove particles that are
least stuck to the surface.

The plasma will, thus, remove 10% and 84% of the particles with the lowest
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(a) (b) (c) (d)

Figure 5.10: Side view of the green particles in the centrifuge setup (a) before
and (b-d) during the plasma. The frames were captured every 3.3 ms with an
exposure time of 1.7 ms. The red dashed line in panel a indicates the disk surface.

adhesive force in respectively the vibration and the centrifuge setup. These are the
particles on the left side of the dashed line in respectively figure 5.1a and b. The
plasma thus causes a force that is between the adhesion of the removed and not
removed particles. From figure 5.1 we find this is 3.8 and 0.7 µN for respectively the
vibration and centrifuge setup.

The plasma force is thus higher in the vibration setup than in the centrifuge setup,
even though the removal percentage was lower, due to the higher adhesion force in
the vibration setup. The force difference is probably due to a difference in plasma
parameters caused by a difference in electrode geometry. Alternatively, it might be
caused by a different surface topology between the setups.

One should keep in mind, however, that the adhesion in the vibration setup might
be overestimated, as discussed above. If this is the case, this plasma force for the
vibration setup is also overestimated.

Particle movement after release

After the plasma has removed the particles from the surface, they fall down. This has
been imaged in the centrifuge using an additional camera, imaging the particles from
the side. Figure 5.10 shows four consecutive images captured at 30 fps.

Figure 5.10a shows the particles on the surface before the plasma is turned on.
The particles are illuminated by a laser and are visible in white. The particles are
stuck to the vertical surface to their right, indicated by the red dashed line. This
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surface is part of the centrifuge disk. Only a small portion of it is imaged.
When the plasma is turned on, the particles start moving as is visible by the

streaks in figure 5.10b. These show that the particles mainly move downwards once
they are released from the surface. This indicates that gravity is the main force acting
on them. This shows that the plasma force, working opposite to the adhesion, i.e. to
the left, is no longer present once the particles move away from the surface.

Note that we could neglect the effect of gravity when the particles are on the
surface, because it is much smaller than the adhesion. Once the particles have, however,
moved away from the surface, the adhesive force is gone, and gravity is the only force
left. This then pulls the particles downwards. Also the plasma force appears to be
gone, because this would pull the particles perpendicular to the surface to the left.

The velocity of the particles in the later frame of figure 5.10d is directed more to
the left compared to that of the particles in figure 5.10b. This is probably because
the figure 5.10d particles originate from higher up on the surface. They are likely
released at the same time, but enter the frame later, because they first have to move
downwards into the imaged and laser-illuminated area. Since the surface is part of
the centrifuge disk, it has a curvature (red dashed line in figure 5.10a). Therefore,
particles released from higher up need a leftwards velocity component in addition to
their downwards one. This can be caused by e.g. bouncing on or rolling over the
surface.

Figure 5.10d also shows some particles that are still stuck on the surface as white
dots. This is in agreement with the above observations that not all particles are
removed by the plasma.

The video shows that all particle removal happens on a timescale of milliseconds or
less. On this scale, all particles are released from the surface and then fall down due to
gravity. This last process is slow compared to the release. This makes sense, because
the release force should be in the order of the adhesive force, which is approximately
2 orders of magnitude larger than the gravitational force. Furthermore the release
happens over a much smaller length scale than the gravitational falling.

Particles not removed by a plasma

A portion of the green 100 µm particles spontaneously left the surface when the plasma
was turned on. Other particle sets did not show this behaviour.

Smaller, 8 µm, green particles were also tested in both the vibration and centrifuge
setup (figure 5.11). None of them were removed when the plasma was turned on. This
thus indicates that the plasma force scales stronger than the adhesion with the particle
size.

The red 100 µm particles have been extensively tested in the vibration setup. No
significant removal (< 1%) has been noticed when the plasma was turned on. The
reason behind this difference with the green particles is unclear. Since the adhesion
of the red particles is less than that of the green particles (figure 5.1a) one would
expect more of them to be released by the plasma instead of less. It might be due
to a difference in particle surface properties as was also suggested as a reason for the
differences found in chapter 4.
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Figure 5.11: Green 8 µm particles in the centrifuge setup.

That the red particles are not released, does not mean that the plasma does not
cause a force effect on these particles. The plasma force is only smaller than the
adhesion force. Below we will, however, see that the plasma force is still measurable.

5.2.2 Plasma effect on force balance

The adhesion measurements from section 5.1, have also been performed when a plasma
is applied. In this case it does not only measure the adhesion force, but the adhesion
force minus the plasma force. Comparison with the no-plasma adhesion measurement
thus results in a measure of the plasma force. These measurements have only been
performed using the vibration setup, because hardly any particles are left in the
centrifuge setup after the plasma is turned on.

Figure 5.12 shows the results of these measurements on the red 100 µm particles
with and without a plasma. This thus shows the vibration force required for particle
removal. There is a shift towards lower required forces when the plasma is turned
on. This shift, however small, is significant. This can be concluded due to the large
amount of particles measured for this graph (2615 without and 2918 with a plasma).
Therefore, the shift is not just a result of random fluctuations. The probability of
this shift due to random fluctuations is only 1 in 1059 according to Student’s T-test
(section 3.11). Therefore, the measurements show a significant change in the force on
the particles.

The shift in mean force is 3.6 µN. This is mainly due to the large high force tail for
the no-plasma measurements. The plasma thus seems to mainly influence the particles
with the highest adhesion. This would point to the plasma having an effect on the
adhesion (see section 5.4.7).
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Figure 5.12: Required vibration force to remove the red particles from the
vibration setup with (red) and without (blue) a plasma. The graph consists of
2615 particles in 290 measurements without plasma and 2918 particles in 373
measurements with plasma.

Power dependence

Figure 5.13a shows the mean (solid squares) and median (open circles) required
vibration force to remove particles in measurements with different plasma powers.
This indeed shows a lower required force than without the plasma (horizontal lines)
for most measurements. The top graphs shows all individual measurements. It shows
many random fluctuations also leading to a higher required force in some measurements.
The median is less influenced by high-force outliers than the mean; therefore, it shows
lower values.

The bottom graph shows the same results, but the measurements are combined
in groups containing at least 300 particles. Therefore, there is a strong reduction in
statistical fluctuations. This shows a relation between plasma power and required
additional vibration force for removal: as the plasma power increases the required
force also increases, towards its non-plasma value (horizontal lines). This means that
the plasma effect decreases with increasing plasma power. We currently have no
explanation for this counter intuitive result.

After the plasma

The plasma force effect has not only been measured during a plasma, but also after
the plasma has been turned off. Figure 5.13b shows the required removal force at
different times after the plasma. Even 15 minutes after the plasma, the required force
is still below its value before the plasma. This means that the effect from the plasma
is still present. No reduction in force magnitude is visible on this time scale.

The effect seems to be even stronger after the plasma than during the plasma (left
most points). This might, however, be due to a difference in plasma power (colours).
Many of the left most points have a relatively high plasma power. Above, this was
shown to cause a reduction in plasma effect. For the red marker in the bottom graph
we only use low power (< 25 W) measurements into account. This indeed shows a
lower required force, comparable to that found for the delayed measurements.
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Figure 5.13: Mean (solid squares) and median (open circles) required vibration
force to remove particles in measurements (a) with different plasma powers (b) at
different times after a plasma has been applied. The horizontal black lines indicate
the mean (dashed) and median (dotted) adhesion force without plasma. The top
graphs show all individual measurements, while for the bottom graphs, they were
taken in groups (a) containing at least 300 particles or (b) with the same delay to
reduce noise. (b) The colours in the top graph indicate the plasma power (legend).
The red markers in the bottom graph only take measurements into account with
power < 25 W.

The influence of different surfaces and water vapour contents was investigated.
This is shown in figure 5.14.

Firstly, for some measurements the particles were applied to the bare piezo surface
(black markers in figure 5.14), while for others a gold coating was applied to the piezo
beforehand, which could then either be left floating (green markers) or grounded (red
markers). This shows that even when the particles are on a grounded surface, the
plasma force remains for minutes after the plasma is turned off. This seems to rule
out an electric force, since in this case there should not be a repelling electric force
(see also section 5.3).

Secondly, additional water vapour was introduced in the vessel after the plasma
(blue markers) to restore the capillary force faster. This was done by filling the
measurement vessel from a small, water vapour filled vessel instead of the regular
argon input line (see also [12] and [67]). Different procedures were attempted with and
without pumping in between, but none showed an effect. This may be because the
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Figure 5.14: Same as figure 5.13b, but measurements are grouped by condition:
additional water vapour (blue), bare piezo top (black), floating gold coated (green)
and grounded gold coated (red) surface.

measured timescale is short compared to the timescale required to reach an equilibrium
between adhered water and water vapour (see also section 5.4).

Adding water during the plasma (left-most blue markers), however, did influence
the force measurements. This is likely because the presence of the water vapour
significantly influences the plasma characteristics.

With removal

The above force effect measurements were performed for the red particles, which did
not show any spontaneous removal upon application of the plasma (see section 5.2.1).
Also only a small change in required removal force was found for these particles.

Similar measurements were also done for the green particles in the vibration setup.
These did show a spontaneous removal of approximately 10% of the particles (see
section 5.2.1). Figure 5.15 shows the vibration force required to remove these particles
both before (blue) and after (red) application of a plasma. The measurements after
applying a plasma of course only consists of the particles that were not spontaneously
removed upon ignition of the plasma.

There is a clear shift in the force distribution. One can easily imagine that the
after-plasma force distribution will continue towards negative forces for the particles
that were spontaneously removed. The shift seems to be in the order of micronewtons,
close to the 3.8 µN force found from the removal measurements of these particles in
this setup above in section 5.2.1. Therefore, the same process seems to be responsible
for both the spontaneous plasma removal as well as the lasting force effect.

5.3 Electric force
Much of the plasma particle lofting observed in literature is explained by an electric
force (as in section 1.3). The above measured force is, however, unlikely an electric

150



5.3. ELECTRIC FORCE

0 5 10 15 20

Required vibration force (µN)

0

0.05

0.1

0.15

0.2

N
o
rm

a
li
se
d
co
u
n
t

Before plasma
After plasma

Figure 5.15: Required vibration force to remove the green particles from the
vibration setup before (blue) and after (red) a plasma. The graph consists of 115
particles in 5 measurements before a plasma and 74 particles in 5 measurements
after a plasma.

force.
The electric charge on the particles has been determined both theoretically in

chapter 2 and experimentally in chapter 4. These estimates both resulted in a charge
due to the plasma in the order of 105 e. This charge will cause an electric force of
less than 1 nN in a typical plasma sheath electric field (see section 2.4). This is much
lower than the above measured plasma force in the order of 1 µN. The plasma force is
thus likely not simply an electric force.

We have also seen that the plasma effect remains after the plasma is turned off
in section 5.2.2. The repelling electric force can of course remain if both the particle
and the surface remain charged. It was, however, also observed for a grounded surface.
In that case there would have been no electric field and thus no electric force. The
observed force can thus not be explained as an electric force.

Finally, the trajectory of the particles after release (section 5.2.1) also does not
coincide with what is to be expected from an electric force. We have seen that there
is no longer a plasma force when the particles are released; instead they just fall down
due to gravity. The electric force would be expected to remain all throughout the
plasma sheath, which extends for approximately 5 mm (see figure 3.17b).

5.3.1 Mirror force
Another electric effect is the mirror force due to a charged particle on a conducting
surface (see section 2.4.2). We have seen, in chapter 4, that the plasma effectively
decharges the particles that are initially charged due to the triboelectric effect. This
will result in a strong reduction of the mirror force.

The magnitude of the mirror force can be calculated with equation 2.43. This,
however, only results in a force in the order of tens of nano-newtons, even when using
the higher triboelectric charge in the order of 106 e. Therefore, also this mirror force
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θ

Figure 5.16: Schematic representation of the particle (brown) on a surface (gray)
with water (blue).

is negligible compared to our measured force effects.

5.4 Adhesion reduction
The results point towards an adhesion effect: the plasma causes a reduction in adhesion,
and then the removal happens when an external force, e.g. gravity, overcomes this
reduced adhesion. This can easily explain why the plasma effect continues after the
plasma is turned off and, on the other hand, stops when the particles are removed
from the surface. The adhesion likely has two components: a Van der Waals force and
a capillary force.

The Van der Waals force is due to intermolecular forces between two contacting
macroscopic bodies (see appendix A). These intermolecular forces scale inversely with
the distance between the molecules to the power six. This strong scaling means that
the molecules nearest to the contact between the two bodies, contribute most to the
Van der Waals force. The force is, therefore, highly dependent on the surface topology
in this region; a slight roughness can have a large influence on the contact interface
and, therefore, the Van der Waals force.

Plasma ions are known to be able to cause changes in surface morphology and,
thus, the Van der Waals forces. This is, however, unlikely to happen in the present
experiment; the dust particle shields the contact surface from ion bombardment.

The capillary force is caused by water in the cavity between the particle and the
surface (see section 1.1.1). This is generally not deemed important in a relatively clean
vacuum environment. In our particular setup it might, however, cause a significant
effect, as will be discussed below.

5.4.1 Capillary force estimate
Generally, water in a vacuum system will evaporate. This is because these systems are
pumped down below the water vapour pressure (23 mbar at 20 ◦C). Therefore, any
liquid state water on a flat surface will evaporate. The vapour pressure is, however,
lower for water in small cavities. Water has the tendency to sit in small cavities, like
between the particle and the surface (as in figure 5.16). This is caused by the forces
between the water molecules and those of the surrounding surfaces. The exact shape,
therefore, depends on the surface materials.

Practice has learned that water may stay on surfaces and in cavities even if the
surrounding pressure is below the local vapour pressure. This is because the water
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evaporation is a slow process at low and medium temperatures. Therefore, vacuum
systems are generally heated up when one tries to remove water. The increase in
temperature will speed up the evaporation.

The particles in the present experiment may be quite wet. They are kept in the
dust dispenser (see sections 3.9.3) before the experiments. This is generally left in the
pumped-down (p < 10−7 mbar) vessel for days before the experiments. It is, however,
not heated, so it may contain a significant amount of water. Especially because there
are a lot of small cavities between the particles and because the inside of the dust
dispenser is only pumped through the small hole in the bottom with a diameter of
approximately 300 µm.

Therefore, there might be a layer of water surrounding the particles when they
are deposited. During the deposition, the particles are dropped a few centimeter at a
surrounding pressure of approximately 800 mbar (see section 3.9.3). Therefore, the
particles will not lose much water while they are falling. After deposition, the vacuum
vessel is pumped to a low pressure (0.5 mbar; section 3.12). This will probably cause
most of the water on the particles surface to evaporate, but it might well leave some
water behind in the cavity between the particle and the surface (as in figure 5.16).

Everyone who has worked with vacuum equipment knows that, even in optimised
setups, water is very hard to get rid of. It takes a very long time to evaporate and
remove all water from all cavities in a vacuum system. Therefore, the water may stay
in the cavity during the measurements in our not-so-optimised system. This long
timescale also mean that changing the surrounding water vapour content will not
influence the forces much. This may explain why no influence of the vapour content
was found in section 5.2.2.

Figure 5.16 shows a curvature in the water surface. This is due to a pressure
difference between the water and the surrounding air. The curvature is caused by a
balance between the pressure and the surface tension.

The pressure difference will also cause a force on the particle. This capillary force
is [62, 67]

Fcap = 4πγR cos θ. (5.1)

Here γ is the surface tension R is the particle radius and θ is the contact angle between
the water and the particle (see figure 5.16). This angle depends on the local surface
materials and roughness.

For water (γ = 72 mN/m) under our particles (R = 50 µm), the maximum
(cos θ = 1) capillary force is 45 µN. This is approximately one order of magnitude
larger than the measured adhesion and plasma force. The real capillary force will
likely be lower.

The plasma might reduce the capillary force by evaporating the water. There are
two main possible ways that the plasma could do this; either by heating, thus speeding
up the evaporation or by direct impact of electrons. Below we will further discuss
both of these possibilities.
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5.4.2 Estimate from particle size scaling
Equation 5.1 shows that the maximum capillary force scales linearly with the particle
size. Equation A.13 shows a similar linear scaling for the ideal Van der Waals force.
These two scalings are only valid for the ideal situation; enough water (i.e. optimal
angle θ) and perfectly smooth surfaces.

The adhesion of 8 µm particles was measured in section 5.1.2. This showed an
adhesive force that was approximately a factor 200 to 500 smaller than for the 100 µm
particles. This is a much stronger reduction than the factor 12.5 expected from the
linear scaling.

This additional scaling is unlikely to be due to the surface roughness size. The Van
der Waals force is strongly influenced by the surface roughness and thus the contact
area (appendix A). This contact area depends on the relation between the typical
surface roughness length and the particle size; i.e. whether the particle only touches
the peaks on the surface or nicely fits in a surface valley. The surface is, however,
likely to be relatively flatter for the small, than for the big particles (see figure 5.2).
Therefore, one would expect the small particles to experience relatively more adhesion,
leading to a lower scaling, contrary to the experiments.

The scaling might be influenced by a difference in water content, because less
water might be present in the dust dispenser with the smaller particles. As a thought
experiment, we could thus say that the 8 µm particles only experience an adhesive
Van der Waals force, while the 100 µm ones also get an additional adhesive capillary
force. The Van der Waals force for the 100 µm particles can then be determined by
linear scaling of the 8 µm particle adhesion.

Figure 5.17 shows the adhesion of the 8 µm particles multiplied by a factor 12.5.
This could thus be the Van der Waals force on the 100 µm particles. The dash-dot
line indicates the gravitational force on 100 µm particles. This shows that gravity
is stronger than the Van der Waals force for 44% of the particles. These particles
will thus be removed by gravity if the plasma somehow removes the water and the
capillary force. The removal percentage will be even higher if we take into account
that the gravitational and adhesion force do not act in opposite direction. The imaged
surface is vertical in the centrifuge experiments. Therefore, gravity and adhesion will
act perpendicular to each other. A smaller gravitational force may then remove the
particles by rolling them over a pivot point. Calculation of this, however, requires
knowledge of the exact particle surface contact area.

Finally, note that the above estimate was based on the assumption that the 8 µm
particles are only adhered by the Van der Waals force. We have no experimental
evidence for this, other than the stronger force scaling than one would expect from a
regular capillary or Van der Waals force.

5.4.3 Surface heating
One of the easiest ways to evaporate water is to simply heat it. Everyone knows from
the simple kitchen experiment that this will cause water to boil and thus evaporate.
In the present case there is only very little water, so a slight elevation of temperature
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Figure 5.17: Adhesion of the 8 µm green particles in the centrifuge setup scaled
by a factor 12.5 to estimate the Van der Waals force on the 100 µm particles
(bars). The black dash-dot line indicates the gravitational force on the 100 µm
particles.

might easily get rid of it.

Infrared camera

The RF plasma will heat up the plasma electrodes. This has been imaged for the
vibration setup using an infrared camera, see figure 5.18. This was not possible in-situ.
The electrodes could only be imaged after the vessel window was removed. Therefore,
the vacuum vessel had to be vented between the plasma heating and the infrared
measurement. This will cause the electrodes to cool down. Therefore, the real electrode
temperature during the plasma will be higher than the measured one.

Figure 5.18: Infrared camera recording of the electrodes in the vibration setup.
A plasma was run for 5 minutes in 0.5 mbar argon and then vented to 1 bar argon.
The black dashed lines outline the two electrodes.
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Figure 5.18 shows that the plasma has warmed the electrodes (indicated by the
dashed black lines). This is mainly the case for the top powered electrode and to a
lesser extent for the bottom grounded electrode. The highest temperatures can be
found near the connection of the power cable and the connection of the four rods,
that are keeping the top electrode in place. These spots likely have locally enhanced
electric field and, therefore, more plasma heating.

The plasma has been on for 5 minutes before the image in figure 5.18 was taken,
yet it only shows a temperature increase of approximately 10 ◦C. The heating in the
max 10 ms required for the plasma removal (section 5.2.1) will thus likely be negligible.
This can, however, not fully be concluded from the infrared camera measurements,
because they could only be performed ex-situ.

External heating

The effect of electrode heating has also been measured during a separate experiment in
the vibration setup. In these experiments, the heat was not provided by a plasma, but
was created by a Watlow Firerod cartridge heater [143]. This is basically a resistor,
that converts electrical energy into heat.

This heater was used to heat the electrode to approximately 80 ◦C for 5 hours.
No particle removal was observed during this time. It is, therefore, unlikely that the
plasma can remove the water and reduce the capillary force just by heating the surface.

5.4.4 Particle heating
The plasma will not only heat the surface, but can also directly heat the particles on
it. Since these are much smaller, this might happen on a much shorter timescale.

Theoretical estimate

The plasma particle heating will be mainly due to heat transfer from the kinetic energy
of impinging electrons and ions and the recombination of those on the surface [82].
Therefore, we can use these processes to get an order of magnitude estimate of the
particle temperature. To calculate the maximum heath transform, we will assume
that the electrons and ions transfer all their energy as heat to the particle and that
the particle itself does not cool to the environment.

The ion and electron flux to the particle are in the order of 1011 s−1 (see sec-
tion 4.3.2). The kinetic energy of each ion is approximately its charge (1 e) multiplied
by the potential drop over the plasma sheath (30 V; section 3.7.1). For the electron
kinetic energy we shall use the electron temperature of 4 eV. The energy gained due
to the recombination of an electron and an ion is equal to the argon ionisation energy
of 15.76 eV. Therefore, the heat transfer to the particle is 0.8 µW.

The polystyrene particles (R = 50 µm, ρ = 1.05 g/cm3, cp = 1.2− 1.4 kJ/kgK [65])
have a heat capacity of approximately 0.7 µJ/K. Therefore, the ions will heat them at
a rate of 1.1 K/s. The temperature increase in the less than 10 ms that are required
for release is thus negligible.
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Figure 5.19: (top graphs) Emission profile of the green fluorescent particles
during (a) heating and (b) cooling. (bottom graphs) Relative emission profile
change compared to the 22 ◦C measurement in (a). The measurements are not
corrected for the filter or spectrometer sensitivity.

This is based on the assumption that the particle is heated uniformly. It may be
heated more locally, at the position with the highest ion flux. This is, however, likely
the plasma facing top of the particle and not the bottom that is in contact with the
water. Therefore, the particle heating is unlikely to cause the water evaporation.

Particle temperature measurements

The temperature of the particles has been measured experimentally using a method,
similar to that used by Swinkels et al. [118]. It is based on measuring the fluorescence
spectrum of the particles. The shape of this emission profile depends on the particle
temperature. The top graphs in figure 5.19 show the emission spectrum of the
green particles at different temperatures. The temperature was increased for the
measurements in figure 5.19a, by slowly heating the substrate with a cartridge heater,
as above. It is assumed that the particles follow the temperature of the substrate.
The spectra in figure 5.19b were taken after the heater was turned off and when the
particles and substrate return to room temperature.

The sharp peak at 450 nm is the laser light. This is largely filtered out by a 455 nm
high-pass filter. The shown spectra have not been corrected for this filter or for the
spectrometer sensitivity. This is not necessary, as we are only interested in comparing
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these measurements to plasma measurements with the same setup.
The most obvious change in the spectrum is the reduction in emission during the

heating in figure 5.19a. It is unclear what causes this reduction. This change is not
reversed during the cooling in figure 5.19b.

Additionally, also the shape of the spectrum changes. This is shown in the bottom
graphs in figure 5.19. For these figures, we have first normalised the intensity profile,
to remove the intensity decrease, and then took the difference compared to the coldest
spectrum, that was measured before the heating at the room temperature of 22 ◦C.
This shows that the peak of the emission is relatively lowered compared to the flanks,
when the particles heat up in figure 5.19a. This is largely reversed when the particles
are cooled in figure 5.19b. The increase in the left flank of the emission, between 450
and 490 nm is, however, not reversed during the cooling.

The emission intensity in the right flank, between 520 and 650 nm, increases during
the heating in figure 5.19a, compared to the peak intensity, between 490 and 520 nm.
This ratio decreases again during the cooling in figure 5.19b. This shows that it
depends on the particle temperature. Note that the spectrum in figure 5.19b does not
completely return to its initial shape before the heating. This is due to non-reversed
changes, specially visible in the left flank, between 450 and 490 nm.

These measurements show that the fluorescent emission can be used to measure
the particle temperature. The change of emission spectrum shape with temperature is
a property of the fluorescent dye. It was not found for the red particles. Therefore,
the temperature increase was only measured for the green particles.

Figure 5.20a shows the change of the particle emission during the plasma. The
plasma emission (red line in figure 5.20a) has been subtracted from these measurements.
Some influence of it is, however, still visible, because the plasma emission changes over
time (see section 3.8.2).

The bottom graph shows how the emission profile changes compared to the intensity
before the plasma. This shows a similar trend as the heating measurements in
figure 5.19a. The plasma, thus, heats the particles. However, comparison between
the change in figure 5.19a and 5.20a shows that the temperature only increases in
the order of degrees per minute. This is too slow to be of significance for the plasma
removal process.

Figure 5.20b shows the cooling of the particles after the plasma. This measurement
is not influenced by the plasma emission. The change is similar to the cooling in
figure 5.19b.

Figure 5.21 shows the first 5 seconds of the particle emission after the plasma has
been turned on. The peaks in this measurement are due to the changes in plasma
emission, which are strongest on the shorter timescales. This and additional noise was
reduced above in figure 5.20a by averaging over sets of ten consecutive measurements.
Figure 5.21 shows that the heating is less than 5 ◦C in the first 5 seconds. This is
in line with the estimate above. It confirms that the heating is negligible at the
sub-second timescales that are relevant for the plasma removal.
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Figure 5.20: (top graphs) Emission profile of the green fluorescent particles (a)
during and (b) after a plasma. (a) The red line in shows the plasma emission
that has been subtracted from the other measurements. (bottom graphs) Relative
emission profile change compared to a measurement before the plasma. The
measurements are not corrected for the filter or spectrometer sensitivity.

5.4.5 Electron flux
Unlike the ions, electrons can directly reach the water. This was shown in section 2.4,
where the particle was seen to get a significant electron flux from the sides. Part of
these electrons will move very close to the surface, thus directly impacting on the
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Figure 5.21: Relative emission profile change in the first 5 seconds of a plasma
compared to before the plasma.
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R

Rw

Figure 5.22: Schematic drawing to estimate the volume (red) between the
particle (brown) on a surface (gray).

water.
Electron impact may have a direct influence on the water molecules. It may e.g.

excite, ionise or dissociate them. Especially this last process will lead to a removal of
the water.

A water molecule can be dissociated into hydrogen and oxygen by an endothermic
reaction that requires an energy of 1.23 eV. This is lower than the typical electron
temperature. For simplicity, we assume that all electrons split one water molecule.
The electron flux of 1011 s−1 (same as the ion flux), can then dissociate 1011 molecules
or 0.2 pmol each second. This is 3 pg or 3 µm3 per second. In 10 ms we might thus
remove 0.03 µm3.

To put this number into context, we can compare it to the volume occupied by a
cylinder between the particle and the surface (red area in figure 5.22). This results in
a cylinder with radius Rw = 1.4 µm, much smaller than the particle radius R = 50 µm.
This simplified drawing is, however, not very realistic for the real situation. The
particle and the surface will not be infinitely smooth. The particle will, likely, be
resting on a number of small contact points, which may be influenced by a small
amount of water around them.

The above derivation uses the equilibrium electron flux of 1011 s−1. Initially the
electron flux will be higher to the not-yet-charged particle. This will, however, only
be very short, in the order of microseconds (section 4.3.2). Therefore, this will only
have a small effect on the water evaporation.

It is more likely that the actual evaporation is below the above estimate, because
not all electrons reaching the particle will end up splitting water. Firstly, the amount
of electrons entering the cavity towards the water will be much lower than the total
electron flux, simply because this is much smaller than the total particle. Secondly,
not all electrons will induce a splitting reaction. Additionally, the above ignores all
possible back-reactions. It should, therefore, be interpreted more as an upper limit to
the water evaporation due to electrons.
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5.4. ADHESION REDUCTION

5.4.6 Dried particles
It has been attempted to dry the green particles before the measurements. For
this, the dust dispenser was kept in the pumped-down vacuum vessel at an elevated
temperature of 80 ◦C for over 2 weeks to evaporate the water. After this, the particles
were deposited in the centrifuge setup.

The same plasma effect was observed for these dried particles, as for the non-dried
particles in section 5.2.1. Approximately 80% of the particles was removed due to the
plasma. This could indicate that the plasma effect is not due to a capillary force, or
that the particles are still not completely dry.

The drying of the particles in the setup is not very efficient. Firstly, the dust
dispenser is fairly closed to keep the particles in. Four additional 1 mm holes were
made in it to ease the water removal. However, there may still be a higher vapour
pressure inside it than in the rest of the pumped-down vacuum setup. Secondly,
the dust dispenser was only heated to 80 ◦C. For effective water removal, a higher
temperature would be advantageous. This is, however, not possible as it will melt the
polymer particles.

Additionally, the experimental setup may favourably select the wetter particles.
We have seen in section 3.9.3 that some particles bounce off the surface. This is more
likely to happen to particles feeling less adhesion. These would be the dryer particles,
that have no capillary force. Also the surface is rotated between the deposition and
the measurements. Therefore, all particles experiencing an adhesive force weaker than
gravity will fall off and will not be seen in our measurements. Therefore, if some of
the particles are dried, while others are still wet, our measurement method will mainly
measure the wetter particles, thus showing no effect of the particle drying.

5.4.7 Particle difference
A clear difference in both the adhesive and plasma force on the two particle sets has
been observed. The green particles adhere stronger and can be spontaneously removed
by the plasma. The red particles, on the other hand, show less adhesion, but no
plasma removal and a smaller force effect.

The two sets of particles should be the same (same material and size) but were
acquired from different manufacturers (see section 3.9). It was shown by SEM-
measurements in section 3.9.2, that the two particle sets have different surface topolo-
gies.

The particle surface may explain the observed differences if less water adheres to
the red particles. This may be due to a difference in surface roughness. This will
cause a smaller capillary force and, therefore, weaker adhesion for the red particles, as
discussed in section 5.1. They will only be bound by the Van der Waals force.

This also explains why the plasma does not remove any red particles as observed
in section 5.2.1, because there is no capillary force for it to remove. The plasma force
mainly affects the particles with the highest adhesion (see section 5.2.2). This might
be because the extra adhesion is caused by a capillary force on these particles.
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6
Conclusions

A plasma causes a force effect on a particle on a surface. This was shown using two
separate experimental setups in section 5.2. Both use a probing force to balance all
forces on a particle; one uses vibrations, the other a centrifuge (see chapter 3).

Surprisingly, the magnitude of the force is different for two similar particle sets.
Both sets were 100 µm polystyrene particles, but acquired from different manufacturers
and with different dyes, one green and one red (see section 3.9). The green set
showed removal of a significant portion of the particles when a plasma was applied
(section 5.2.1). The red particles, on the other hand, showed no removal. This
difference is likely due to a difference in surface morphology, as seen in SEM-images
(see section 3.9.2).

The plasma force on the green particles was found to be 3.8 µN in the vibration
and 0.7 µN in the centrifuge setup (section 5.2.1). This was found by comparing the
removal percentages to particle adhesion measurements. The difference might be due
to a difference in electrode geometry. This leads to a difference in plasma density.
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However, the adhesion might be overestimated in the vibration setup due to the
measurement procedure (see section 5.1). This might also lead to an overestimation of
the plasma force.

The red particles were not spontaneously removed by the plasma. They did,
however, show a force effect (see section 5.2.2). This was found by comparing measure-
ments before and after applying a plasma in the vibration setup. This showed that the
plasma caused a force effect counteracting the adhesion; i.e. in the same direction as
the force causing particle removal. This mainly influenced the most strongly adhered
particles. It resulted in a mean force shift of 3.6 µN, very close to the force found for
the green particles in the vibration setup.

Electric force

It was initially expected that the plasma force effect would be due to an electric force.
This would be caused by the charging of the particle and the plasma sheath electric
field (see section 1.2). We have, however, shown that this is not the case.

The charging of insulating particles on a surface in plasma may be significantly
underestimated by typical estimates found in literature. This was demonstrated using
numerical simulations in section 2.4. These showed a significant sideways electron flux
that was hitherto neglected in literature estimates. This flux causes a more negative
charge on the particles, as it needs to gain sufficient potential to repel part of these
additional electrons to reach its equilibrium charge. This higher charge was, however,
still not high enough to explain the force found in our experimental setup.

It was also shown experimentally in section 4.2, that the particle charge was not
high enough to explain the force effect. For this, we have built a charge measurement
setup, based on the acceleration of particles in a static electric field (see section 3.13).
This allowed for the measurement of the charge on individual particles, simultaneously
for multiple particles. It was shown in section 4.1 that the initial charge before the
plasma was much higher than that due to the plasma. This initial charge was caused
by triboelectric charging from the contact between the particles themselves and with
the dust dispenser. After this initial high charge, the plasma would effectively decharge
the particle towards a lower equilibrium charge. Neither of these charging effects was,
however, large enough to explain the found force.

Additionally, the found force did not behave like an electric force (see section 5.3).
Once the particles were released from the surface they would fall down due to gravity,
while one would expect a further acceleration throughout the plasma sheath from an
electric force. Also, the plasma force effect remained after the plasma was turned off.
This was even the case when the substrate was grounded. In that case one would no
longer expect an electric field and thus no force. The found force effect is thus not
due to an electric force.

Adhesion force

The most likely cause of the plasma force effect is a reduction in adhesion due to the
plasma. This might be due to evaporation of water.
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The adhesive force is found to vary largely from particle to particle (see section 5.1).
This is caused by the local surface topology. Therefore, every particle is bounded
differently, depending on its exact position. Any asperities in the surface or the particle
may highly influence the adhesive force. This finding is in accordance with theory.
The found adhesion force is much larger than the gravitational force. Therefore, the
main force to overcome for cleaning is the adhesion.

Theoretical calculation of both the Van der Waals and the capillary force is difficult,
as they both depend on unknown experimental conditions. For the Van der Waals
force, this is mainly the precise local surface topology and for the capillary force, the
amount of water between the particle and the substrate. The measured adhesion is
below the maximum theoretical value for both forces; i.e. a perfectly smooth surface
and an ideal amount of water. The experimental results can thus be explained by a
sub-optimal version of either of the forces.

The water for the capillary force is likely to be present around the particles before
they are deposited on the substrate (see section 5.4.1). Before measuring, the particles
are kept in a container, which is only pumped down through a small hole (∼ 300 µm).
Therefore, it may contain a significant amount of water in the cavities between the
particles. It was attempted to remove this water by heating the dust container to
80 ◦C for two weeks. This did not influence the measured forces (see section 5.4.6).
This temperature is, however, low for water removal. Therefore, it may not have
completely evaporated the water between the particles.

There are a number of experimental observations that can trivially be explained
if the measured plasma force effect is a reduction of adhesion. Firstly, this explains
why the adhesion and plasma force are in the same order of magnitude. Secondly, it
explains why the plasma effect remains after the plasma is turned off. And thirdly, it
explains why the force disappears when the particles have left the substrate.

It is unlikely that the plasma changes the Van der Waals force. A plasma is known
to be able to change the surface morphology. This would, however, have to happen at
the surface interface between the particle and the substrate. The particle shields this
region from direct ion bombardment, which is generally seen as the source of surface
changes. Therefore, the Van der Waals force is unlikely to be directly influenced by
the plasma.

The plasma may influence the other adhesion component: the capillary force. This
might happen if the plasma evaporates the water. It is, however, unclear how this
exactly happens. Simple heating of the substrate is unlikely, as external heating did
not remove any particles (see section 5.4.3). Heating of the particles themselves is
unlikely, because too little energy is deposited on them (see section 5.4.4). The ions
can not directly impact the water, because it is shielded by the particle. Therefore,
any effect should come from the electrons, that may dissociate the water molecules
(see section 5.4.5).

Applications

We have seen that the plasma mainly reduces the adhesion in our experimental setup.
The adhesion reduction effect is only useful as a cleaning tool in combination with an
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additional removal force. In the present experiments this was a gravitational force
that pulled the lightly bound particles from the surface. The feasibility of this in
applications is, of course, dependent on the orientation of the substrate.

If the found plasma effect is due to the capillary force, it will only be present if
there is water in the system. High-tech cleanroom machinery will likely have less
contaminating water than our relatively dirty experimental vessel (see section 3.8).

The electric force may be significant in applications with a lower adhesion. This is
when there is less water, reducing the capillary force, and a higher surface roughness,
reducing the Van der Waals force. In the present experiments, we used spherical
particles. These have a relatively large contact surface compared to randomly shaped
particles. The latter are, however, more likely to be found as typical contamination.
In this case the reduced adhesion may cause the electric force to be significant.

For industrial applications, one is generally interested in contamination in the
nanometer size range; much smaller than the 100 µm particles used in the present
experiments. Both the Van der Waals adhesion and the particle charge scale roughly
linearly with the particle size. Therefore, the electric removal force does not scale
much with particle size. Its precise scaling is dependent on the roughness sizes of the
substrate. However, this scaling does not hold for the mirror force, which attracts a
charged particle to a conducting substrate. As the particle shrinks, its centre will get
closer to the substrate. This compensates for the reduction in charge. Therefore, the
mirror force dominates for small charged particles on conducting substrates. This will
make the particles stick to the surface.

A plasma may be used to ease cleaning in situations where the mirror force is
important. We have shown that a plasma may effectively decharge particles that were
initially charged due to the triboelectric effect. This will lead to a reduction in mirror
force, which eases the cleaning.

The dust is likely randomly shaped in extraterrestrial lofting observations. There-
fore, these observations may be explained by an electric force. The dust charging
process may, however, be complicated in these situations due to UV-radiation or highly
energetic electrons from outer space.

In conclusion, we have shown that the plasma causes a force effect on particles on
a surface. This effect is not due to an electric force, but rather due to a change in
adhesion. One should therefore, always keep an eye on the adhesion when investigating
the removal of deposited particle.
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A
Van der Waals force

The bonding force of a typical dust particle of sizes 10 to 1000 nm has been theoretically
investigated by Lammers [62]. Following his description, the adhesive force between
an ideal particle and the surface will be derived in this appendix. At the end some
remarks, as made by Lammers [62] and Flanagan and Goree [29], on the applicability
of this in a practical situation will be given.

Electromagnetic force

The most important forces in the adhesion of dust particles to a surface are electro-
magnetic forces. The best known electromagnetic force is the Coulomb force between
two charged particles, which has a long range and can be expressed by the Coulomb
energy

U = − q1q2

4πε0r
. (A.1)
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Here q1 and q2 are the charges of the two particles, separated a distance r, and ε0 is
the vacuum permittivity.

Most particles are not charged. They can, however, have an electric dipole moment.
This happens when the charge is not equally distributed throughout the particle, as
in, for example, a polar molecule. If two dipoles align, their interaction energy will
be minimised and they will be attracted to one another. Random thermal motion,
will, however, break this alignment. The dipole-dipole interaction for freely rotating
dipoles can be characterised by the interaction energy

U = − | ~µ1|2| ~µ2|2

3 (4πε0)2
kTr6

. (A.2)

Here k is the Boltzman constant and T is the temperature. ~µ1 and ~µ2 are the dipole
moments of the two particles, given by

~µ =
�
ρ (~r)~r dV (A.3)

where ρ (~r) is the charge density at position ~r and dV is an infinitesimal volume
element. This interaction is called the Keesom interaction. An example of this is the
so-called hydrogen bonding between polar water molecules.

A dipole can also have an interaction with a charged particle. In this case the
dipole will align itself either toward or away from the charge, depending on its sign.
The interaction energy for this is

U = − q2|~µ|2

6 (4πε0)2
kTr4

. (A.4)

Furthermore, a charged particle can induce a dipole in a otherwise non-polar
particle due to its electric field ~E. This induced dipole moment is given by

~µ = α~E (A.5)

where α is the polarisability of the neutral particle. Due to this induced dipole, the
charge and the neutral particle interact with the interaction energy

U = − αq2

2 (4πε0)2
r4
. (A.6)

Also a dipole can induce a dipole moment in a neutral particle. This is characterised
by the interaction energy

U = − α|~µ|2

(4πε0)2
r6
. (A.7)

This is called the Debye interaction.
An atom consists of a positively charged nucleus with a negatively charged electron

cloud around it. Therefore, every atom can be a dipole due to a displacement between
the nucleus and the electron cloud. When two atoms are brought together, they will
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influence each other. Their attractive dipole position will have a higher probability
than their repulsive one. Therefore, there will be an attractive force between the
two. This interaction is called the London interaction and is characterised by the
interaction energy [76]

U = −3h
2

ν1ν2

ν1 + ν2

α1α2

(4πε0)2
r6
. (A.8)

Here h is Planck’s constant hν1 and hν2 are the ionisation potentials of the molecules
or atoms and α1 and α2 are their electric polarisabilities.

Van der Waals force

The Van der Waals force is an adhesive force between two macroscopic uncharged
bodies. It is a combination of the Keesom, Debye and London interaction. All these
interactions scale with the inverse of the distance to the power six. Therefore, these
are all particularly strong at small distances. The Van der Waals interaction energy
between two single molecules can be expressed as

U = −C
r6 . (A.9)

Here, all other dependencies beside the distance r are taken into one constant C.
The Van der Waals interaction energy is additive. Therefore, to calculate the Van

der Waals force between a spherical dust particle and a surface, we can sum over all
molecules in the sphere and the surface.

Firstly, we calculate the force between a single molecule and a half-infinitely large
surface at a distance D. We divide the surface into infinitesimal thin rings (figure A.1a).
Each ring has a radius x. Its centre is on the line, normal to the surface, passing
through the molecule at a distance z. Each ring contains 2πxρ2dxdz molecules, where
ρ2 is the molecular density of the surface and dx and dz are the thickness of the ring
in respectively the radial and the longitudinal direction. By integrating over all these
rings, we get the Van der Waals interaction energy between a single molecule and a
half-infinitely large surface

U = −
∞�

D

∞�

0

2πρ2Cx

(x2 + z2)3 dx dz = −πρ2C

6D3 . (A.10)

To calculate the Van der Waals interaction energy between a macroscopic sphere,
with radius R, and a surface, the interaction energy between the surface and each
sphere-molecule must be summed over all molecules in the sphere. For this, the sphere
is divided in slices, with molecules that are all at the same distance from the surface
(figure A.1b). The closest point of the sphere (and thus the closest slice) is located a
distance D away from the surface. The other slices are located a distance D + z away
from the surface and contain z (2R− z)πρ1dz molecules, where dz is the thickness of
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z D

xdx
dz

(a)

R

D

dz
z

(b)

Figure A.1: Schematic drawing of (a) the rings in the surface and (b) the slices
in the sphere used for the derivation of the Van der Waals force between (a) a
point and a surface in equation A.10 and (b) a macroscopic sphere and a surface
in equation A.11.

the slice. By integrating over all slices we get for the interaction energy

U = −
2R�

0

z (2R− z)πρ1
πρ2C

6 (z +D)3 dz = −π
2ρ1ρ2C

6

2R�

0

z (2R− z)
(z +D)3 dz. (A.11)

The distance D is typically much smaller than the particle radius R. Therefore, only
small values of z will significantly contribute and this integral can be approximated
with

U = −π
2ρ1ρ2C

6

2R�

0

2Rz
(z +D)3 dz = −π

2ρ1ρ2CR

6D (A.12)

From this, the Van der Waals force between a sphere and an infinitely large surface is

F = −∂U
∂D

= AR

6D2 . (A.13)

Here A = π2ρ1ρ2C is the Hamaker constant [39]. This constant does not vary much
for most materials and is typically ∼ 10−19 J.

Note that the Van der Waals adhesion, thus, scales linear with the particle radius R.

Non-ideal particles

The above equation underestimates the adhesive force for realistic situations, since
it assumes a spherical particle. In reality, the shape of the particle will be deformed
due to the force toward the surface. This will cause a larger contact area and thus a
higher attractive force. The deformation of a body is the field of research of so-called
contact mechanics. Different theories on the exact size of the contact surface have
developed throughout the years [25, 50, 53, 90]. Based on these theories, Lammers [62]
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determined the adhesive Van der Waals force for a 1 µm polystyrene latex sphere on a
silicon surface to be between 0.1 and 1 µN.

On the other hand, this overestimates the adhesion, because in practice particles
are not perfectly smooth, but have a rough surface. This roughness and the roughness
of the surface they rest on will decrease the contact area and thus the adhesive force [37,
69, 130]. The strength of the Van der Waals force, when taking these roughnesses
into consideration, is highly dependent on the local topography and positioning of
the particle. Flanagan and Goree [29] state that, for a 1 µm particle, as used in their
plasma dust removal experiments, an asperity size of 10% (i.e. holes depth 10% of the
particle radius) can lead to a five orders of magnitude decrease in Van der Waals force
to around 1 pN.
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B
Magnetic force

An electromagnet can be used to apply a force on a dust particle. This is, however, not
suitable as a probing force in the context of the present research. Below we shall derive
the force on a particle due to an electromagnet and show why this is not suitable as a
probing force.

If a paramagnetic particle with magnetic susceptibility χ is in an external magnetic
field ~B it will attain a magnetic moment

~m = χV ~H. (B.1)

Here V is the particle volume, ~H = 1
µ0
~B is the auxiliary magnetic field and µ0 is the
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Figure B.1: (a) Drawing of the force due to an infinitely small loop part. (b)
Schematic drawing of the particle and the coil with sizes as used in the text.

vacuum permeability. The magnetic force on the particle is given by

~Fm = ∇
(
~m · ~B

)
= ~m · ∇ ~B. (B.2)

Below we will calculate the magnetic field at the particles location. For this, it is
assumed that the electric field is created by a solenoid. To calculate this electric field
we start with the magnetic field due to an infinitely small wire part with length dl
(see figure B.1a)

d ~B = µ0

4π
~I × r̂
r2 dl. (B.3)

Here ~I is the current through the wire part, r̂ is a unit vector pointing from the
particle to the wire part and r is the distance between them.

We assume that the wire part is part of a wire loop with radius R. The particle is
located on the centreline through the loop at a distance D. In this configuration only
the component parallel to the centerline (horizontal in figure B.1a) contributes to the
total magnetic field due to symmetry. This component is

dBhor = µ0I

4π
R√

D2 +R2
dl

D2 +R2 . (B.4)

The magnetic field from the entire wire loop can be determined by integrating this
equation over the loop

Bloop =
�

dBhor (B.5)

=
�
µ0I

4π
R√

D2 +R2
dl

D2 +R2 (B.6)

= µ0I

4π
R

(D2 +R2)
3
2

�
dl (B.7)

= µ0I

2
R2

(D2 +R2)
3
2
. (B.8)
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A solenoid consists of many wire loops. The total current through an infinitesimal
small segment of the solenoid with length dx is I ·n ·dx, where n is the winding density
per unit length of the solenoid. We assume the particle to be located a distance D
from the nearest loop and the segment to be located a distance x from this start (see
figure B.1b). The magnetic field at the particle position due to this solenoid segment
then is

Bseg = µ0Indx
2

R2(
(D + x)2 +R2

) 3
2
. (B.9)

The total magnetic field can be acquired by integrating over the solenoid length L:

B =
L�

0

µ0Indx
2

R2(
(D + x)2 +R2

) 3
2

= µ0InR
2

2

L�

0

dx(
(D + x)2 +R2

) 3
2

(B.10)

This can be rewritten by substituting z = D + x:

B = µ0InR
2

2

D+L�

D

dz
(z2 +R2)

3
2

(B.11)

= µ0In

2

 D + L√
(D + L)2 +R2

− D√
D2 +R2

 . (B.12)

The gradient of this magnetic field is

∇B = dB
dD = µ0InR

2

2

 1(
(D + L)2 +R2

) 3
2
− 1

(D2 +R2)
3
2

 . (B.13)

By combining these last two equations with equations B.1 and B.2, we can derive
for the magnetic force

F = χ
B

µ0
V∇B (B.14)
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In this equation we can see a straightforward dependence on the magnetic suscep-
tibility χ, the particle volume V (and thus radius), the current I and the winding
density n:

F ∝ χV I2n2 (B.16)
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Figure B.2: Graph of (a) the magnetic field and (b) the magnetic force as
function of the distance between the particle and the solenoid for different solenoid
radii.

The dependence on the coil length L, coil radius R and particle-coil distance D
is less straightforward. To illustrate this, figure B.2 shows the magnetic field and
magnetic force as function of the separation between the particle and the coil D for
different coil radii R. This data has been calculated for a coil of length L = 10 mm
with n = 105 windings per metre and 10 µm diameter particles with a magnetic
susceptibility χ = 720 · 10−5. This susceptibility corresponds to iron oxide, a material
with very strong paramagnetic properties. From the figure, it is clear that with
small solenoids, which are required for high forces, and for a small (1 mm) change in
separation, the force can change many orders of magnitude. This makes determining
the exact magnetic force on a real particle difficult.

Note that in the above derivation, the solenoid and particle were assumed to be
in free space with no other objects nearby. The magnetic field will be effected by all
particles in it. Therefore, it will be altered in practice by all surrounding walls and
more importantly the substrate surface.

In order to get higher forces than indicated in the figure, one could choose a
magnetic material with a higher magnetic moment. For this, one should switch from
the paramagnetic materials to ferromagnetic materials. The magnetic moment of these
materials is still influenced by the magnetic field, but not as straight-forward as for the
paramagnetic materials, because they have an intrinsic magnetic field. In calculating
the magnetic moment, one would have to take into account effects like hysteresis and
saturation. This would even further complicate determining the magnetic force.

Taking all the above into account, it can be concluded that theoretically determining
the exact magnetic force on a real particle is highly complicated. Therefore, the
magnetic force is not suited as a probe force for measuring the adhesive force.
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C
Vibrating particle clusters

Clusters of particles may cause unwanted effects in the vibration setup. They behave
differently from single particles. Their mass is bigger, causing them to experience more
vibration force. The magnitude of their adhesion depends on the shape of the cluster.

Figure C.1 schematically illustrates the problem of clusters. The clusters in
figure C.1a and b have the same contact surface, and thus adhesion, but figure C.1b
has a larger mass and thus a larger vibration force. On the other hand, figures C.1b
and c have the same mass, but different contact surface. The three clusters look the
same when viewed from the top; they are thus not distinguishable in our experiments.

The cluster in figure C.1a has the same adhesion to vibration ratio as single
particles. It will, therefore, be released at the same vibration as the single particles.
The other two clusters will be released at lower vibration accelerations.

The particle clusters, however, also show other behaviour; namely propagating
over the surface. We shall illustrate this using one measurement series. It is a movie
of the particles on the piezo surface as it vibrates with a slowly increasing amplitude;
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(a) (b) (c)

Figure C.1: Schematic representation of possible clusters.

just like for the adhesion measurements in section 5.1. This particular measurement,
however, has a large amount of clusters, which makes it unsuitable for the adhesion
measurements, but ideal to illustrate this.

Figure C.2a shows the initial distribution of particles over the surface before the
vibration starts. It shows the 2 × 2 mm vibrating top of the piezo. On it are the
red fluorescent particles, imaged as white circles on a black surface background. The
image shows 8 single particles; the others are all part of clusters varying in size from
two to at least six. The exact size is hard to determine as this 2D image does not show
how many particles are stacked on top of each other. Note that typical measurements
used throughout this thesis have more single particles and fewer clusters.

In this measurement, the surface is placed vertically. Gravity thus points downward
in figure C.2a. The camera images the particles with 10 fps. The piezo vibrates at
75 kHz with an amplitude that slowly increasing in a time span of 1000 s. There are
thus thousands of vibration periods between two recorded frames.

(a) (b)

Figure C.2: (a) Image of the particles before the vibrations. (b) Schematic
representation of the movement of the particles due to the vibrations.
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(a)

(b)

(c)

Figure C.3: Three series of consecutive frames recorded at 10 fps illustrating the
movement of particle clusters.

The behaviour of the particles on the vibrating surface is illustrated schematically
in figure C.2b. The colours indicate the different behaviour types shown by the
particles. Each of these will be described below.

The simplest behaviour of particles is to simply be removed. This is seen by
a vanishing in the recorded movie; one frame shows the particle, in the next it is
gone. This is either because the particle is launched towards the camera, out of
focus, or fell down due to gravity within the 0.1 s between two frames. It takes a
particle approximately 20 ms to travel the 2 mm piezo from rest with the gravitational
acceleration; i.e. a particle that is removed will likely fall out of the imaged region
between two movie frames.

Particle removal can either happen to single particles (dark blue in figure C.2b) or
entire clusters at once (light blue in figure C.2b). Only this first removal is useful for
our analysis, because we do not know the mass of and, therefore, vibration force on
particle clusters.

Some of the clusters are not simply removed, but instead move over the surface
(orange in figure C.2b). This is illustrated by the series of consecutive frames in
figure C.3. These show particle clusters slowly changing shape and moving over the
surface. The time between the frames is 0.1 s. The movement is, therefore, very slow
compared to the vibration period of 13 µs.

Most clusters settle again after moving, when they have found a more favourable
position. Some, however, get removed as a result of the movement (red in figure C.2b).
This is likely, because at some point during the movement their adhesion became less
than the vibration force.
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(a) (b)

Figure C.4: Two series of consecutive frames recorded at 10 fps illustrating the
hopping of a particle cluster.

One particle cluster (brown in figure C.2b) moved much faster than the others.
It moved twice, as shown in figure C.4. Both times it moved more than a particle
diameter in the 0.1 s between two frames. This is much faster than has been observed
for any of the other moving particle clusters. After these two hops, the cluster settled
down and later started moving slowly (figure C.3c).

Another particle cluster (green in figure C.2b) acted like a snowball. It moved
over the surface and grew by collecting other particles (see figure C.5). This cluster
cleaned up most of the lower and right half of the piezo surface this way. This is very
undesirable, because we could thus not determine the adhesion of the single particles
that had started in this region.

Above, we already said that the adhesion of the particles in a cluster cannot be
determined, because of the unknown mass and thus vibration force. Therefore, the
cluster-particles are useless for our measurements. This last example, additionally,
demonstrates that they may also disrupt the adhesion measurement of initially single
particles by sweeping them up. Therefore, care was taken not to have many clusters

(a)

(b)

Figure C.5: Two series of consecutive frames recorded at 10 fps illustrating the
snowball particle cluster.
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on the surface during the measurements in chapter 5.
The effects described above are unwanted in our experimental setup. They may,

however, be interesting for industrial applications. Vibrations occur in many machines
due to moving parts. These vibrations will have an influence on the contamination
movement, as we have shown above.
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D
Centrifuge safety

In section 3.3 it was explained that we have used a centrifuge setup. The most
important component of this setup is a spinning magnesium disk. This disk has a
radius of 25 mm, and a thickness of 10 mm at the centre and 5 mm at the edge. The
disk is connected to an axle and is positioned in a vacuum vessel between different
aluminium and PEEK parts. The design and shape of these parts is mainly chosen in
this way to facilitate plasma generation, as described in section 3.5.

Using a high-speed motor the disk can be spun at up to 200 000 rpm. This generates
G-forces at the edge of the disk up to 106 times the normal gravitational acceleration.

The rotational energy of the disk can be determined from

Erot = 1
2Iω

2. (D.1)
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Here I is the moment of inertia of the disk and ω is the angular velocity. The moment
of inertia of the disk is determined from its drawings in Autodesk Inventor [138]. It is
I = 6.2 · 10−6 kgm2. The angular velocity at maximum speed is ω = 200000 · 2π

60 =
2.1 · 104 rad/s. This leads to a rotational energy Erot = 1.4 kJ.

This energy is only slightly less than that of a 5.56×45mm bullet fired from a .223
Remington riffle (1.7 kJ [104]). Therefore, one should take protection measurements
against this. In a worst-case scenario the disk might get loose and transfer this full
rotational energy into a directional energy, becoming a lethal projectile.

Note that this is unlikely to happen. Firstly, there are two non-rotating parts
at both sides 0.5 mm from the disk. If the disk would in any way deviate from its
rotation, it will hit one of these. Friction will then cause the rotational energy to
be transferred into heat and deformation of the parts. Due to the conical shape of
the disk it is impossible for the disk to leave its position between the two side-parts
without either of the two being removed or deformed.

If, in a worst-case scenario, the disk is able to, for whatever unforseen reason, start
translating, it will most probably be stopped by either the surrounding RF-electrode
or the vacuum vessel. Because neither of these is completely solid, it is thinkable, that
in a worst-case scenario, the disk will get out of the vacuum chamber.

To protect the experimenters and spectators from this unlikely scenario, we have
built a ‘bunker’ around the vacuum vessel setup. As a both cost-efficient and flexible
option, we used mainly concrete tiles.

To determine the required thickness of this protective layer, we make a comparison
to firearms and bullets. Although numerous movies of shots being fired at concrete
walls can be found on the internet (e.g. [23]), little of these have good scientific backing.

A more structural research was performed by the Canadian Masonry Research
Institute [104]. They fired different guns and ammunition at different types of walls,
and reported on the resulting holes. As one would expect, larger caliber ammunition,
having more energy, causes more damage. We will focus on the results of a .223
Remington bullet on a concrete brick wall. This is the case for which the energy of
the projectile and the material of the wall has the most similarity to our situation.
The used bricks have a width of 90 mm. They report that the .223 Remington bullet
creates a hole about two thirds of the brick thickness. Resulting in a penetration
depth of 60 mm.

A second source for ammunition penetration is the Military Operations on Urban-
ized Terrain Manual by the U.S. Marine corps [99]. This manual contains, amongst
others, a list of objects behind which it is safe to find shelter from a 5.56mm round
(page B-3). This ammunition is equal to the one reported above. This manual says a
2-inch (51 mm) concrete (unreinforced) wall offers protection against such a bullet.

Note that the above reports are for bullets. These bullets have a shape that is
designed to cause maximal penetration. Furthermore, they have a higher kinetic
energy, than the disk, even if it can effectively transfer all of its rotational energy.
Therefore, the disk is expected to penetrate less deep.

Additionally, unlike a gun shelter, we do not need our bunker to have any structural
integrity and protection value after it has been hit once. After this worst-case event,
probably multiple parts of the setup are wrecked. Therefore, the bunker can be
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(a) (b)

Figure D.1: Drawings of the centrifuge setup and the surrounding bunker.

replaced by a new one. All that is required from the bunker is protection of the
experimenter and any bystanders once.

Figure D.1 shows a schematic drawing of the bunker. Its protective layer consists
of a single layer of 50 mm thick concrete tiles. These are placed in a frame made of
stainless steel plates. This completely covers the outside of the bunker. This outside
layer is used to stop any last pieces from the disk as well as splinters being ejected
from the concrete wall.

The bunker is made of two separable parts. Each of these is approximately 180 kg
in weight. Each of the parts is mounted on a guiding rail. This allows them to
be moved away from the vessel when the centrifuge is not in operation. This way
the flanges of the vacuum vessel can be easily accessed for experimental flexibility.
Additionally, the use of cheap concrete tiles allows for the easy replacement of tiles
with e.g. holes for the passage of laser beams to the setup.

The concrete tiles weigh approximately 15 kg each. They can be removed and
inserted from the frame one by one. Therefore, it is never necessary during construction
or deconstruction of the setup for the entire 180 kg bunker parts to be lifted at once.

There is an interlock switch between the two bunker parts. This is connected to
the motor controller. This ensures that the motor cannot start rotating when the
bunker is not closed. This will also cut power to the motor when the bunker is opened
during operation. Note that this does not immediately stop the disk’s rotation. Active
braking of the disk or axle is impossible due to the high speeds. This will cause damage
and therewith unbalance. This will increase the risk of failure of the axle or disk and
is, therefore, unwanted.

In conclusion, the centrifuge has a disk, which at maximum velocity contains a
rotational energy of 1.4 kJ. If anything might fail, the disk will most probably be
stopped by two stainless steel parts that are, at normal operation, 0.1 mm away from
the disk. If this fails, it will likely be stopped by the RF-electrode and the vacuum
vessel. If everything fails, we have a bunker around the setup that, on its own, is able
to absorb the full rotational energy contained in the disk.
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