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In memoriam Ingmar Kleberg (1971-2003).

Ingmar wrote an excellent PhD thesis on cathode spot processes, a significant
contribution to the physics of arc spot operation and retrograde motion. He was
a good friend whose time ended abruptly in a tragic accident. He is fondly
remembered by his many friends.



Preface

Not too long ago, after watching Disney’s Hercules movie, my then-6-year-old
daughter tested me by asking, “Dad, did you know that there are four elements:
Earth, Water, Air, and Lightning?” Because she did not use the common terms
Earth, Water, Air, and Fire, it struck me that the Greeks may have had an
appreciation for phases: just replace “element” by “phase,” and you will see
the parallel to the modern terminology: solid, liquid, gas, and plasma!

Although the plasma phase is by far the most prevalent in the universe (well,
set aside the mysterious dark matter), we have little experience with it in our
daily life. Most plasmas we encounter are man-made, be it the plasma in
fluorescent discharge lamps, plasma displays, or in a welder’s arc. In this
book, a very special case of discharge plasma is explored, the plasma formed
at electrodes.

Cathodic arc plasma deposition is one of the oldest and at the same time one
of the modern, emerging deposition technologies. This is an apparently contra-
dictory statement. I will span a view from more than a couple of centuries ago to
recent research in the hope to transpire excitement, provide background know-
ledge, and review important progress.

Although cathodic arc plasma deposition belongs to the family of physical
vapor deposition (PVD) techniques, I deliberately call it plasma deposition to
emphasize an important feature: energetic condensation of plasma ions, as
opposed to condensation of atoms from the neutral vapor phase. The synthesis
of films from ions, each carrying substantial kinetic and potential energy, can
lead to film properties that are unique.

As the name suggests, cathodic arcs are determined by cathode processes.
Indeed, cathode processes are quite different than processes in other, less “vio-
lent” forms of discharges. The current densities and associated power densities at
cathode spots are extremely high, and this is true despite the characteristic low
cathode fall voltage of typically only 20V. The electron emission processes
involve non-stationary stages and phase transitions, ultimately leading to the
destruction of the electron emission center. The phase transition from the solid
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viii Preface

cathode material to plasma is precisely what enables operation of the arc
discharge and what makes cathodic arc plasmas and the films deposited so
special.

This book is written in the hope to be useful to the experts, practitioners,
students, and newcomers alike. It is assumed that the reader is familiar with
basic concepts of plasma physics and thin films. There are many excellent text
books and review articles in the field, and therefore the basics are developed here
only as they directly apply to cathodic arcs and the films produced. Each chapter
contains an extensive list of references for further reading, and a very brief
introduction to plasmas and sheaths is given in Appendix A.

Writing this book had its challenges. For one, our understanding is still far
from complete, despite the impressive progress seen in experimental techniques
and theoretical modeling. Yet, it turned out to be difficult to determine what is
really secured knowledge based on accepted, self-consistent data and what are
just hypotheses, even if plausible. The reasons for this difficulty are twofold.
First, arc data scatter appreciably due to the nature of the cathode spot phenom-
ena, and second, some theories contradict each other, even when each is self-
consistent and in “good agreement with experimental observations,” as usually
claimed. The underlying problem in modeling is the choice of the simplifying
assumptions, which are necessary to make due to the complex character of the arc
phenomena. Therefore, in some instances, I failed in my desire to produce a text
book that would be acceptable to all experts in the field. Sometimes I needed to
divert to reviewing what has been done and leave it up to the reader and further
research to select the most appropriate description of the nature of cathodic arcs
and the films produced. Although I believe that the review portions are relatively
extensive and inclusive, there is certainly work that has been overlooked or is not
sufficiently appreciated. I will not claim to have produced a “balanced view.”

There was the temptation to be as comprehensive and accurate as possible,
which may have led to a huge book nobody could read and that may have never
been finished. Perhaps all authors realize at some point that it is impossible to do
a perfect job. Periods of productive work flow were interrupted by times of
distraction and procrastination. Why writing another arc book? There has been
a number of great books, and why could or should I add to this line of work?
Having a special interest in history, I look with admiration at a series of books by
Joseph Priestley (1767), Vasilii Petrov (1803), Hertha Ayrton (1902), Clement
Child (1913), Igor Kesaev (1964, 1968), Vadim Rakhovskii (1970), James Lafferty
(1980), Gennady Mesyats and Dmitry Proskurovsky (1989), and, last but not
least, the edited Handbook by Raymond Boxman, David Sanders, and Phil
Martin (1995). Each of them represented the state of knowledge and added
substantially to the work of their predecessors. Not to count the numerous
important publications that did not result in a book but became much cited
classics in the field. Since the field is vital and much knowledge has been added in
recent years, there appeared to be a lack of systematic presentation, and so
I hope to provide a modern view on the field of cathode arcs and the coatings
made with cathodic arc plasma.
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A book like this one would not be possible without the input by many
colleagues and friends. Here is the perfect opportunity to express my sincere
gratitude for their generous help in finding the necessary supply of information,
diagrams, illustrations, photographic material, raw data, etc. The list of the
many dear colleagues is long, and if I listed them here, some may still be
forgotten. So, I will only mention a few representative names of those who
deserve special recognition. I will start with Ingmar Kleberg, a young friend of
mine whose very untimely death in a mountaineering accident shocked us all.
Some results of his thesis can be found in Chapter 3. I dedicate this book to him.
Next, [ should stress that this work was greatly influenced by the thinking of my
former mentors, Burkhard Jiittner and Erhard Hantzsche, with whom I spent a
very productive time in the 1980s in East Berlin before the Berlin Wall fell. From
them I learned about explosive plasma formation and the special role of cathode
surface conditions that lead to various arc modes and spot types. Special thanks
go to lan Brown, Berkeley, who introduced me to the world of charge state
analysis and application of arc plasmas to thin films and multilayers. Ian is also
one of the pioneers of combining arc plasmas and pulsed bias, enabling the
synthesis of very special surfaces. His work planted a seed for the technique of
stress control via atomic scale annealing with high-energy ions. Othon Mon-
teiro, former staff scientist of the Plasma Applications Group, contributed
greatly, especially on the issues of energetic condensation and metallization of
semiconductor structures. Much of the data I was able to collect came through
the help of the technical staff of the Plasma Applications Group (thanks to you,
Bob MacGill, Michael Dickinson, Joe Wallig, Tom McVeigh) and the visitors of
the Plasma Applications Group at Berkeley Lab; many of them have become
distinguished researchers in the field. Just to name a few: Efim Oks (Russia),
Gera Yushkov (Russia), Marcela Bilek (Australia), Jochen Schneider (Ger-
many), Jochen Schein (Germany), Michael Keidar (USA), Johanna Rosén
(Sweden), Sunnie Lim (Australia), Eungsun Byon (Korea), and Joakim Anders-
son (Sweden).

The list of helpful colleagues could go on and on, but here I will conclude by
thanking my family for understanding that I was busy so many days and
evenings. . .Love you, Christine, Mark, Mika, and George!

Berkeley, California André Anders
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1

Introduction

Trying to understand the way nature works involves a most
terrible test of human reasoning ability. It involves subtle
trickery, beautiful tightropes of logic on which one has to walk
in order not to make a mistake in predicting what will happen.

Richard P. Feynman, in: The Meaning of It All, 1963

Abstract The introduction contains the essence of the book in simplified language —
the main ideas are outlined and summarized and some reasoning is provided
for the structure of book. In essence, one follows the path of the cathode
material from the solid through the plasma phase all the way to the
condensed phase on the substrate, i.e., when a film has formed by energetic
condensation.

The reader may have come across the terms “vacuum arcs” and “cathodic arcs”
and wondered what the difference was, if there was any. To clarify this, let us
first consider the term “vacuum arc.” Obviously, it suggests that there was
vacuum between the electrodes before the arc discharge was ignited, and there-
fore carriers of the electric current were initially absent. Once the discharge has
started, one can observe tiny, mobile spots on the cathode surface, which are a
characteristic of the kind of arc that is the subject of this book. These small
bright spots are generically called “cathode spots,” although we will see that
there is a variety of spots and associated phenomena.

Cathode spots are centers of electron emission and plasma production. Electron
emission alone is not sufficient for arc operation. ITons of the cathode material are
produced, and it will be shown that they are crucial for the arc’s cathode mechan-
ism as well as for establishing the plasma, which by definition is quasi-neutral
(i.c.,the amount of positive and negative charge is equal in a given volume of
consideration). The plasma can be envisioned as a kind of fluid conductor between
the electrodes.

A. Anders, Cathodic Arcs, DOI: 10.1007/978-0-387-79108-1_1, 1
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Cathode spots are highly unusual physical objects and notoriously difficult to
measure. The plasma pressure in cathode spots exceeds atmospheric pressure by
orders of magnitude (so much for the accuracy of the term “vacuum arc™!). It is
therefore not surprising that cathode processes observed at vacuum arcs can also
be observed for arc discharges in the presence of some gas between electrodes.
The gas, though, may have important secondary effects, especially on the surface
conditions of the cathode. While the term “vacuum arc” is used to emphasize the
absence of any significant gas pressure before the discharge, the term “cathodic
arc” is more generally used because it includes vacuum arcs as well as arcs in
gases. Arc discharges are always of the cathodic arc type as long as the overall
cathode temperature is low. Cathodic arcs are always characterized by small, non-
stationary cathode spots: a deeper reasoning will be given in Chapter 3 when we
look at electron emission mechanisms.

The description above contains the qualifier “low temperature,” indicating
that the situation is somewhat more complicated. For example, there exists the
possibility that the cathode can operate in a thermionic arc mode. Additionally,
there are situations when the anode is not just a passive electron collector. If the
anode is allowed to reach high temperatures, it may emit vapor of the anode
material (“anodic arc”) or material of the cathode that has previously condensed
on the anode (“hot refractory anode arc”). These modes will be briefly mentioned in
Chapter 3, but the main body of this book is limited to cathodic arcs with globally
cold cathodes, where the plasma is produced at non-stationary cathode spots.

The plasma produced at cathode spots has many features that are rather
unusual and often quite unique (though to some degree comparable to laser
ablation plasmas). This makes working with cathodic arcs interesting, and
sometimes challenging. Here is a list of some remarkable features of spots and
spot-produced plasmas:

(i) The cathode spots are prolific producers of plasma of the cathode material.
This feature makes cathodic arcs interesting to manufacturers of coatings —
time is money!

(i) The plasma emitted from spots is fully ionized.

(ii1) In almost all cases, the plasma contains multiply charged ions, which
especially for the refractory metals reach 3, 4, and even higher.

(iv) Even as the plasma contains multiply charged ions, there may be dispro-
portionately large amounts of neutrals present: they are not produced at
the active cathode spot but have other sources such as the cooling craters
and evaporating macroparticles.

(v) Tons have a high velocity, typically about 10* m/s, and the ion flux is directed
away from the cathode, hence they move in the “wrong” direction if judged by
the concepts of usual discharge physics.

(vi) Because of (v), the electron current from the cathode must compensate the
electric current associated with the ion flow, and therefore the electron
current is larger than the total arc current (even some experts overlook this
strange feature!).
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(vii) All plasma parameters fluctuate due to the non-stationary nature of electron
emission and plasma production at cathode spots.

(viii) The plasma is non-uniform because of its generation at tiny cathode spots.
The plasma density near the spot is very high and drops sharply as the
plasma expands.

(ix) Investigations of the cathode spot with increasingly sophisticated diagnostic
techniques revealed ever smaller structures and shorter events, pointing to
self-similar (fractal) properties in time and space.

The main body of the book starts with a relatively long and detailed considera-
tion of the history of arc research and the development of coatings technology
based on cathodic arcs. The observation of (initially unintentional) arcs was
practically inevitable as soon as sufficient electrical energy could be stored. This
puts the beginning of arc research to the mid 1700s. It is quite fascinating so see the
struggle of “electricians” to grasp what is happening, and how the development of
electrodynamics in the 1800s and plasma physics in the 1900s brought light to the
mysteries. We will also see how economic needs and even politics affected arc
technology in the second half of the twentieth century. I had great pleasure in
digging deeper into both classic and rather unknown or forgotten literature, and
hopefully the reader will feel the sense of (re-)discovery too.

The development of vacuum switches, or “vacuum interrupters,” is not the
subject of this book but needs to be mentioned in the context of vacuum arc
physics and history because many discoveries and results came from that develop-
ment. Some results from switching research are cited and utilized. In fact, much
research related to cathode spots, spot modes, spot motion in magnetic fields,
current chopping, etc., was motivated by the design and manufacture of switches
for high currents and high voltage. Electrode phenomena were recognized as
critical, and they are often the limiting components of these devices.

A center part of this book is the physics of cathode spots. I will not claim that
all can be explained, even with the availability of modern, high-resolution
characterization tools and advanced computation. Rather, it is a presentation
of well-known processes and models at the interface of a solid (the cathode) and
plasma on the one hand, and the conceptual emphasis on the time and space
variations that govern electron emission and plasma generation processes on the
other hand. Regarding the latter point, the book is different from previous texts
and may be questioned by some. Based on the observation that the “charac-
teristic size” and the “characteristic time,” and derived physical parameters such
as the “characteristic current density,” become smaller and shorter in the history
of research, i.e., with increasing resolution capability of measurement, we can
state that the “noisy” properties of spots and plasma are fractal. The main
feature of a fractal is self-similarity, that is, when properties and pattern appear
similar regardless of the resolution.

To illustrate this point, let us pick the arc burning voltage, for example. We
could measure it by connecting a voltmeter between the anode and cathode.
Since the bandwidth of such a device is very limited, we would see some slow
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variations but essentially measure an average voltage. This could be the RMS
(root-mean-square) average, but it may be the specifics of the circuit response
that somewhat determine (skew) the displayed value. Naturally, since we know
that the actual value is fluctuating, we would opt to use a higher resolution
device, such as an oscilloscope. We would see fluctuations on the scope’s screen.
The fractal property becomes obvious when changing the sweep speed (time
resolution): the fluctuations look about independent of the sweep speed until
we reach a fairly high setting. Aha! one might be tempted to say, on those time
scales the voltage becomes smooth, and we are able to see “elementary” processes
because there are now clearly visible, fairly periodic ups and downs of the voltage
trace. However, the theory of circuits tells us that the bandwidth of the measuring
circuit and oscilloscope determine the limits of resolution, and indeed faster
circuits and oscilloscopes push these apparent “elementary” processes to shorter
and shorter times. Self-similarity is evident by not knowing which sweep speed was
set when looking at the measured trace. If there were true elementary times one
could use them to approximately estimate the sweep speed.

The same arguments could be brought forward to practically all arc parameters.
In space, for example, one could image the light emission from a spot with increas-
ing magnification. Soon we realize that spatial and temporal resolutions are inter-
twined because long exposure times would smear out the image of a fast
changing object.

Fractal objects in the real world have cutoffs, where the self-similarity by
“zooming in” or “zooming out” breaks down. So far, no convincing cutoffs have
been found for fractal spots.

One consequence of the fractal approach is that the quest for the “true”
current density of cathode spots needs to be reconsidered: no such thing exists.
This also puts in question all models that are based on fixed assumptions, such as
a certain current density or emission area of a cathode spot.

In the chapter on cathode processes, another essential concept is that of
emission stages related to the “life cycle” of an emission center. In a nutshell,
one has to realize that there is a short, explosive stage that is responsible for the
formation of fully ionized plasma containing multiple charge states. The explosive
stage is followed by a much longer decay and cooldown period where the crater,
formed in the explosion stage, is emitting vapor. The vapor forms a background
into which the successive, explosively formed plasma expands. When we switch on
a cathodic arc, the neutral vapor does not yet exist, and so we can see, for a very
short time, the kind of plasma generated at cathode spots. It is characterized by
higher charge states than usually known.

In the literature on coatings using arcs, the term “arc evaporation” is sometimes
used in analogy to thermal or electron beam evaporation. “Arc evaporation” is
somewhat misleading since it disregards the presence of ions, and the energetic
condensation processes enabled by the high degree of ionization. It is correct,
though, that evaporation of the cathode material occurs, too.

This leads us to the whole complex of interaction of the expanding plasma
with gas and surfaces. Chapter 4 describes the expanding plasma, with a lot of
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information on the evolution of charge states and ion energy distribution func-
tions. Much of the information is based on averaging over extended periods of
time (DC arcs) or many pulses (pulsed arcs). In doing so, correlations between
the solid-state cathode properties and the plasma properties can be established,
which allows us to formulate empirical rules. The most physical is the Cohesive
Energy Rule because it is essentially based on energy conservation. According to
this rule, cathode materials with higher cohesive energy require higher burning
voltage, and higher charge states and ion energies follow.

After having set the basis of cathodic arc physics on the cathode (Chapter 3)
and in the expanding plasma (Chapter 4), some practical hardware is considered,
i.e., arc sources and the specifics of their implementation including trigger systems.

The next chapter deals with the infamous macroparticle problem. The cath-
ode spot is not only a source of electrons and plasma of the cathode material but
also a source of microscopic droplets. They are commonly called “macroparticles”
because they are very massive compared to ions and electrons. These debris
particles are detrimental to coating quality. The macroparticle problem is the
main reason why cathodic arc plasma deposition is not broadly used in high-tech
applications. The formation and transport of macroparticles are considered,
having in mind that we want to reduce and possibly eliminate them.

Many efforts were focused on the removal (filtering) of macroparticles from the
plasma. Chapter 7 outlines the principles of guiding the arc plasma in plasma optics
systems; a solenoid is the simplest example of such plasma optics systems. The
chapter contains a rather comprehensive review of filter geometries. Many examples
are illustrated in figures. The different approaches are grouped, and one way of
classification is to consider filters using a duct with the magnetic filter coils surround-
ing it, and filters of “open architecture,” characterized by openings through which
the macroparticles can escape from the filter volume. In the open architecture, we
utilize the fact that macroparticles tend to “bounce” from surfaces. In the simplest
realization, an open filter is a freestanding coil made from stiff copper wire carrying
the current that generates the magnetic field necessary for plasma guiding.

All the efforts were made to produce a flux of plasma suited to fabricate
coatings of unique properties through a process called energetic condensation. In
Chapter 8, we will explore how ions interact with the surface when they arrive
with a kinetic energy exceeding the displacement energy. Shallow ion implantation,
or “subplantation,” occurs, leading to dense and hard coatings that are generally
under high compressive stress. Hardness and compressive stress are related. Exces-
sive compressive stress is detrimental because it leads to catastrophic failure of the
coating by delamination. Stress control becomes paramount for high-performing
coatings, e.g., for the tool industry. Here, hardness, or better toughness, is achieved
via advanced approaches that involve graded layers, multilayers, and nanostruc-
tures. Though, in any case, the high compressive stress in energetic condensation
can be controlled by utilizing the high degree of ionization: biasing the substrate is
very efficient in giving ions a controlled high energy capable of generating small
collision cascades in the subsurface layer of the solid. Such cascades are tiny volumes
of transient liquids; they exist for about a picosecond before being quenched. Stress
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can be relieved through atom rearrangement facilitated by the short period of high
mobility. This is best controlled by sophisticated biasing techniques, such as pulsed
biasing with optimized pulse duration and duty cycle. One can maximize stress relief
while maintaining a high level of hardness and elastic modulus.

This technique, also known as Metal Plasma Immersion Ion implantation and
Deposition (MePIIID), has been shown to work well, and thick (um) films have
been made, some of them even freestanding. As a special example we will consider,
at several places, the hydrogen-free form of diamond-like carbon (DLC), also
known as tetrahedral amorphous carbon (ta-C) or amorphous diamond. This
material shows generally higher density, hardness, and elastic modulus than other
forms of DLC, especially when compared to the hydrogenated (a-C:H) and
nitrogenated (a-C:N) materials. MePIIID has also other special features and
applications, such as conformal coatings on lithographically structured substrates,
e.g., wafers for integrated circuits and microelectromechanical systems (MEMS).

Many of the industrial applications are based on reactive deposition, which
simply means that the cathodic arc is operated in a gas mixture containing a
reactive gas for compound synthesis. For example, one would use nitrogen,
oxygen, or a hydrocarbon gas like acetylene to produce a nitride, oxide, or
carbide, respectively. In recent years, multi-element compounds have become
popular; they contain more than one metal, like TiIAIN, or more than one reactive
gas, like TiON,. Some ternary and quarternary compound films show superior
performance, often caused by the resulting nanostructure. Those and other struc-
ture—property relationships will be considered in Chapter 10, although it is clear,
and emphasized several times, that no comprehensive treatment can be given — the
subject would require a book or more on its own.

The book is concluded by compiling some additional information that might
be useful reference material to the reader. In Appendix A, a brief summary is
given on plasmas and sheaths, the latter being the boundary of a plasma to any
wall. The concepts and properties of plasmas and sheaths are important to the
understanding of arcs and they are also of value to other fields; hence, it made
sense to provide a summary for general reference. Second, in Appendix B, data
on cathode materials as well as on arc plasmas are provided. Those data would
appear just as numbers and values, without much physical reasoning, if sorted
by alphabet of the material or by the atomic number. Therefore, these data are
presented in the physically more meaningful format of Periodic Tables, which
give a clear indication of the grouping of properties, both for the (usually solid)
cathode materials and for the plasma. The latter is just yet another representa-
tion for the Cohesive Energy Rule mentioned before.

This introduction outlined the main points of the book, following the logical
path of the cathode material: starting from the solid in Chapter 3, going to the
expanded plasma in Chapter 4, a brief rendezvous with hardware in Chapter 5,
macroparticles in Chapter 6, filters in Chapter 7, and finally arriving at the
surface of the substrate in Chapter 8, and Chapter 9 in case a reactive gas is
present, to be concluded by looking at a number of quite diverse applications, up
to where arc plasma meets blood plasma. Enjoy!
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A Brief History of Cathodic Arc Coating

Examining the spots with a microscope, both the shining dots
that formed the central spot, and those which formed the external
circle, appeared evidently to consist of cavities, resembling those
on the moon, as they appear through a telescope, the edges
projecting shadows into them, when they were held in the sun.

Joseph Priestley, 1775 ([1], pp. 261, 262)

Abstract This chapter is unusually detailed and describes arc-related research
over two and half centuries. Not only do the over 200 references of this chapter
cover the well-known milestones of arc physics but we connect the dots to many
contributions of researchers that are forgotten. It is clearly shown that many
advances have been made several times and they have only become part of
permanent knowledge and technology when the community was ready to accept
those new ideas. The chapter is subdivided into chronological sections covering
each century, starting with Priestley’s experiments on the initially unintentional
arc coatings on glass in the 1760s. Since arc discharges require a reasonably high
current to exist, the role of the supply of electrical energy plays an important
factor for the initial research, and the quality of available vacuum is another
important consideration. The development is followed all the way to modern
high-resolution plasma diagnostics and the formation of coatings containing
nanostructures and nanolaminates.

2.1 Introduction

Cathodic arc discharges and arc coatings are one of the oldest — but still “emer-
ging” — plasma technologies. Their roots can be traced back to the eighteenth
century when researchers struggled to develop the basic concepts of electri-
city. The general history of electricity has been the subject of numerous studies
[2,3,4,5,6,7,8,9] and therefore will not be reproduced here; instead, only a few
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8 2 A Brief History of Cathodic Arc Coating

glimpses are mentioned as far as they are relevant to tell the story of cathodic
arcs and arc deposition.

Cathodic arcs represent one mode of arc discharges, and here it will be
assumed that the reader has a basic understanding of cathodic arcs. Readers
not familiar with the subject may want to browse through the introductory
chapter first.

The early development of arc plasma' physics is intimately related to the
development of suitable sources of electrical energy [11, 12]. Each major
advancement of generation and storage of electrical energy enabled the disco-
very of new phenomena. However, there was usually a large gap between initial
observation and understanding. Arcs can be produced in a pulsed or continuous
mode. Because there have been two distinct developments of electrical energy
sources, namely the capacitor and the electrochemical battery, the distinction
between early pulsed and oscillating (eighteenth century) and early continuous
arc discharges (beginning of the nineteenth century) appears quite natural. The
nineteenth century brought the development of classical electrodynamics, cul-
minating in electromagnetic induction, Maxwell’s equations, the discovery of
electromagnetic waves, and finally the electron. At the end of the nineteenth
century, first attempts were made for commercialization of cathodic arcs. The
actual technical exploration and application for coatings started only in the
second half of the twentieth century, mainly pioneered by physicists and engi-
neers of the former Soviet Union. These developments lead to today’s broad
application of cathodic arcs for hard and decorative coatings. At the beginning
of the twenty-first century, substrate bias techniques and cathodic arc filtering
are perfected, allowing the technology to enter the arena of high-tech app-
lications of ultrathin films, nanostructures, functional multilayers, and bio-
compatibly engineered surfaces.

The highlights of this development will be traced in the following sections. Of
course, this chapter cannot be a comprehensive presentation with sufficient depth
satisfactory to the historian. Still, the topics will be presented as a number of steps
of interwoven progress, and in this way each “breakthrough” appears as a rather
logical evolution of knowledge, understanding, and ultimately utilization.

2.2 Cathodic Arcs in the Eighteenth Century

2.2.1 The Capacitor: Energy Storage for Pulsed Discharges

A seminal event in the carly history of discharges was the invention of the
capacitor. The invention was made independently, and practically simulta-
neously, by Ewald Jirgen von Kleist (1715-1759), dean of the cathedral at

! Although the term “plasma” was introduced by Irving Langmuir (1881-1957) only in
1927 [10], we will apply it also to the earlier science of this field.
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Cammin in Pomerania (Germany), and by Andreas Cunacus (1712-1788), a
frequent visitor to Professor Pieter van Musschenbroek (1692-1761) at the
University of Leiden (spelled Leyden in the eighteenth century) in the Nether-
lands. Von Kleist reported his observation in a letter, dated November 4,
1745, to Johannes Nathaniel Lieberkiihn (1711-1756), member of the Acade-
my of Sciences in Berlin. About at the same time, Musschenbroek tried to
draw “electrical fire” from glass vessels filled with water, an idea proposed by
Georg Matthias Bose (1710-1761), professor at the University of Wittenberg,
Germany. Electrification of water was previously described by Andreas Gordon
(1712—1751), a Scottish-born professor in Erfurt, Germany [13]. Cunaeous, a
lawyer who occasionally assisted Musschenbroek, tried to arrange Bose’s experi-
ment by himself, holding the bottle in one hand and drawing the spark with the
other, giving himself a terrible shock. He reported this to Musschenbroek and
his colleague Jean Nicolas Sébastien Allamand (1713-1787). Musschenbroek
repeated the experiment and described it as follows in a letter to René Antoine
Ferchault de Réaumur (1757-1783), correspondent at the Paris Academy:

... I would like to tell you about a new terrible experiment, which I advise you never to
try yourself, nor would I, who have experienced it and survived by the grace of God, do
it again for all the kingdom of France. I was engaged in displaying the powers of
electricity. An iron tube AB was suspended from blue-silk lines; a globe, rapidly spun
and rubbed, was located near A, and communicated its electrical power to AB. From a
point near the other end B a brass wire hung, in my right hand I held the globe D, partly
filled with water, into which the wire dipped, with my left hand E I tried to draw the
snapping sparks that jump from the iron tube to the finger, thereupon my right hand F
was struck with such force that my hole body quivered just like someone hit by light-
ning. ... [14]

The news of the greatly enhanced power of electricity spread quickly and the
conditions for the correct operation were determined, allowing others to build
and improve Leyden jars, as they were named. Most noticeably, Sir William
Watson (1715-1787) and Dr. John Bevis (1693-1771) improved the jar by coat-
ing the inside and outside with tin foil. The Leyden jar became the standard
device for storing electric energy in the second half of the eighteenth century.

Quickly after the discovery of the charge storage capabilities of the Leyden
jar, it was recognized that capacity increases with larger area and thinner glass
wall. For example, Benjamin Wilson (1721-1788), a leading English “electri-
cian” (as they called themselves), writes on October 6, 1746, in a letter to John
Smeaton (1724-1792) that “the electrical matter in the Leyden bottle. .. was
always in proportion to the thinness of the glass, [and] the surface [15] of the
glass...” ([2] p- 119). Ignoring these findings, eighteenth-century publications
usually give the surface area but are silent about the glass thickness. Measure-
ments on historic Leyden jars show that the glass thickness of most Leyden jars
was 1-3 mm depending on the size of the jar. The wall thickness was thicker on
the bottom and around the neck because these areas must withstand stress. Some
of the less advanced Leyden jars were made from wine bottles and have thus
greater wall thickness with less capacity [16].
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Fig. 2.1. The young Volta discharging a battery of Leyden jars, producing a spark arc in air

In 1746, Watson short circuited a jar with a wire: “the charged phial will
explode with equal violence, if the hoop of the wire be bent, so as to come near
the coating of the phial...” ([2] p. 117). Figure 2.1 shows a similar experiment as
described by the still young Alessandro Volta (1745-1827). With today’s know-
ledge we can estimate that the discharge current must have been high, the peak
limited by the inductance of the circuit, and decaying exponentially or, more
likely, oscillating in the LC circuit. One can estimate C ~ 1 nF and E¢ ~ 1 J for
early Leyden jars[11]. The stored energy is still clearly below the hazardous level,
and some of the early reports on “terrible” experiences appear exaggerated but
understandable because the physiological effects were not anticipated.

In his History (see below), Joseph Priestley also mentioned an interesting
experiment by Watson, namely that

He [17] made this vacuum part of a circuit necessary to make the discharge of a phial;
and, at the instant of the explosion, there was seen a mass of very bright embodied fire,
jumping from one of the brass plates in the tube to the other. ([2] vol. I p. 349)

Most likely, no significant resistance was in the circuit, and thus the discharge
appears to have transitioned into a high-current discharge with explosive emis-
sion at the cathode, such as one would find in a short-pulsed arc discharge. The
very bright embodied fire, jumping from one of the brass plates, may refer to
incandescently glowing macroparticles. Other researchers, depending on their
circuit and setup, appear to have observed variations of glow discharges rather
than arcs and sparks. In 1759, however, when Wilson repeated experiments “first
contrived by Lord Charles Cavendish,” he observed a “singular appearance of
light upon one of the surfaces of the quicksilver” ([2] vol. I, p. 355). The
quicksilver (mercury) was part of the evacuation scheme, and it is not clear,
but possible, that Wilson was referring to a cathode spot on mercury.

2.2.2 Priestley’s Cathodic Arc Experiments

Joseph Priestley (1733-1804), an English theologian and chemist, is best known
for the identification of ammonia, nitrous oxide, and oxygen [18]. Priestley’s life
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Fig. 2.2. A battery of Leyden jars. (From Priestley’s History [2])

and work is well documented [19, 20]. The young Priestley became interested in
electricity in the early 1760s and he collected all information on electricity
accessible to him, and even repeated all of the important electrical experiments
he was going to describe. Priestley wrote The History and Present State of
Electricity [2], which became the most comprehensive textbook on electricity
of the time. It was standard for at least a generation of scientists and remained
influential for the rest of the eighteenth century [21]. The first edition appeared in
1767 in London; translations into French [22] and German [23] became available
soon thereafter. The third edition of 1775 [2] was reprinted in 1966 with a
detailed introduction by Schofield [21].

Having completed his historical “chore,” Priestley went on performing his
own experiments on electrical phenomena, which also include observations on
cathodic arcs. As an energy source he used a battery of Leyden jars as shown in
Figure 2.2. Priestley reported about his “original experiments” in the Philoso-
phical Transactions and in later editions of his History.

Priestley discovered erosion craters left by cathode spots:

June the 13th, 1766. After discharging a battery, of about forty square feet, with a
smooth brass knob, I accidentally observed upon it a pretty large circular spot, the
center of which seemed to be superficially melted...after an interruption of melted
places, there was an intrie and exact circle of shining dots, consisting of places superficially
melted, like those at the center, Plate 1, Fig. 5, No. 1 (here Figure 2.3).

Fig. 2.3. Drawings of spots found on metal plates after a discharge. (From Priestley’s
History [2])
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June the 14th. I took the spot upon smooth pieces of lead and silver. It was, in both
cases, like that on the brass knob, only the silver consisted of dots disposed with the
utmost exactness, like radii from the center of the circle, each or which terminated a little
short of the external circle. Examining the spots with a microscope, both the shining
dots that formed the central spot, and those which formed the external circle, appeared
evidently to consist of cavities, resembling those on the moon, as they appear through a
telescope, the edges projecting shadows into them, when they were held in the sun. ([1]
pp- 261-262)

The formation of circles of craters may be associated with damped oscilla-
ns of the electrical circuit. Priestley even found that the size of erosion craters

depends on the electrode material:

of
on

I took the circular spot upon polished pieces of several metals, with the charge of the
same battery, and observed that the cavities in them were some of them deeper than
others, as I thought, in the following order, beginning with the deepest, tin, lead, brass,
gold, steel, iron, copper, silver. .. The semi-metals bismuth and zink received the same
impression as the proper metals; being melted about as much as iron. ([1] pp. 263-264)

Today we know that a higher discharge current causes the number of arc
spots operating simultaneously to increase rather than a change in the character
individual spots. The number of spots, or the current per spot, also depends

the material and its surface conditions. Priestley observes

When the battery was charged very high, the central spot was the most irregular,
many of the dots which composed it spreading into the outer circle, and some dots
appearing beyond the outer circle... I imagined that...two or more concentric
circles might be produced, if a greater quantity of coated glass was used, or perhaps
if the explosion was received upon metals that were more easily fused than brass. ..
upon tin, I first observed a second outer circle. .. it consisted of very fine points
hardly visible, except when held in an advantageous light. .. (Plate I, fig. 5, No. 2).
([1], cf. Figure 2.3)

Formation of arc craters is associated with formation of macroparticles.

Referring to his experiment with a brass electrode, Priestley continues [1]

tio

“Beyond this central spot was a circle of black dust, which was easily wiped off.” Using
gold, “there were. .. hollow bubbles of the metal, which must have been raised when it
was in a state of fusion. These looked very beautiful when examined with a microscope
in the sun, and were easily distinguished from the cavities. .. The whole progress seems
to have been first a fusion, then an attraction of the liquid metal, which help to form the
bubbles; and lastly the bursting of the bubbles, which left the cavities.”

He investigated the nature of the black dust from brass in another contribu-

n [24]. He discharged a bank of parallel capacitors, a “battery of thirty-two

square feet,” through a brass chain.

I had before observed that the electric sparks betwixt each link to be most intensely
bright, so as, sometimes, to make the whole chain appear like one flame in the dark; but
the appearance of the chain in the instant of the shock, as it hung freely in the air, was
exceedingly beautiful; the sparks being largest and brightest at the bottom, and smaller
by degrees, towards the top, where they were scarcely visible; the weight of the lower
links having brought them so much nearer together. ([24] pp. 281-282)
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The electrical contacts between the links for the brass chain were insufficient
to carry the high short-circuit current, and thus short arcs in air formed — today a
well-known phenomenon on electrical contacts of switches. That weight pulling
on the chain would improve the electrical contacts between the chain’s links was
not new; in fact, in his History (but not in the Original Experiments), Priestley
refers to a letter of 1746, written by Wilson to Benjamin Hoadley (1706—-1756):

When he [Wilson] made the discharge with one wire only, he found the resistance to be
less than when a chain was used. ... He caused the chain to be stretched with a weight,
that the links might be brought nearer in contact, and the event was the same as when a
single wire had been used. ([2] p. 120)

Furthermore, also Watson, in 1747, made

“... use of wires, in preference to chains” because “the electricity conducted by chains
was not so strong as that conducted by wires. This was occasioned by the junctures of
the links not being sufficiently close, as appeared by the snapping and slashing at every
juncture....” ([2] p. 132)

Using white paper on and under the brass chain, Priestley tried to determine
the origin, composition, and amount of material eroded from each link by the
passage of the electric fluid:

To ascertain whether this appearance depended upon the discontinuity of the metallic
circuit, on the 13th of the same month [June 1766], I stretched the chain with a consider-
able weight and found the paper, on which it lay as the shock passed through it, hardly
marked at all. Finding that it depend upon the discontinuity, I laid the chain upon white
paper, making each extremity fast with pins struck through the links. .. September the
18th [1766]. Observing that a pretty considerable quantity of black matter was left upon
the paper, on every discharge with the same chain; I imagined it must have lost weight by
the operation. .. I found it had lost exactly half a grain of its weight. ([24] pp. 278-279)

Since the discharge occurred in air, metal ions upon condensation on a
surface, as well as the hot macroparticles, must have reacted readily with the
oxygen and formed an oxide. Cathodic arc deposition can be used to deposit
oxides such as black copper oxide (see Chapter 9), and it is safe to assume that
the “black dust” from brass contained this oxide. Priestley’s description agrees
with this supposition:

[The black dust] was so extremely light as to rise like a cloud in the air, so as sometimes
to be visible near the top of the room; I concluded that it could not be the metal itself, but
probably the calx [oxide], or the calx and phlogiston, in another kind of union than that
which constitutes the metal; and that the electric explosion reduced metals to their
constituent principles as effectually as any operation by fire do it, and in much less
time. I was confirmed in this opinion by finding. .. that this black dust collected from a
brass chain would not conduct electricity. ([24] p. 289)

One might speculate that the black dust contained clusters and nanoparticles,
which, as we know today, can be obtained by expanding plasma in a background
atmosphere of sufficiently high density.

One of the “original experiments” finally contains a direct record on what we
call today cathodic arc coating:
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I next laid the chain upon a piece of glass;. .. the glass was marked in the most beautiful
manner, wherever the chain had touched it; every spot the width and colour of the link.
The metal might be scraped off the glass at the outside of the marks; but in the middle
part it was forced within the pores of the glass; at least nothing I could do would force it
off. On the outside of the metallic tinge was the black dust, which was easily wiped off.
([24] p. 285)

Remarkably, one of the advantages of cathodic arc coatings is their superior
adhesion due to the energetic condensation of the metal plasma on the substrate,
and this feature has been noticed even at this early stage. Priestley did not only
use brass on glass:

I have since given the same tinge to glass with a silver chain, and small pieces of other
metals. ([24] p. 285)

He continued the deposition and observed that the coatings show interference
colors. Since his experiments were done in air, a freshly deposited metal film
tends to oxidize and form a more or less transparent compound. He correctly
associates his observations with Sir Isaac Newton’s discovery

“that the color of bodies depends upon the thickness of the fine plates which compose
their surfaces” ([25] p. 329) and continues,

“Having occation to take a great number of explosions,... I observed that a piece of
brass, through which they were transmitted, was not only melted, and marked with a
circle by a fusion round the central spot, but likewise tinged beyond the circular with a
greenish colour, which I could not easily wipe out with my finger. ... I continued the
explosions till, examining with a microscope, I plainly perceived all the prismatic
colours, in the order of the rainbow.” ([25] pp. 330-331)

Today, a straightforward approach to improve uniformity of coatings is to
increase the distance between the arc plasma source and the substrate. Greater
distance allows the plasma to expand, increasing the coated area, improving film
uniformity but reducing deposition rate. The idea is not new, as one can see from
the following:

1. When a pointed body is fixed opposite to a plain surface, the nearer it is placed, the
sooner the colours appear, the closer do they succeed one another, and the less space
they occupy. It seems, however, that when the point is at such distance that the electric
matter has room to expand, and form as large a circular spot as the battery will admit,
this coloured space is as large as it is capable of being made; but still the colours appear
later, in proportion to the distance beyond that. ... 2. The more accutely pointed is the
wire, from which the electric fire issues, or at which it enters, the greater is the number of
[interference] rings. A blunt point makes the rings larger but fewer. .. 5. All the colours
make their first appearance about the edge of the circular spot. More explosions make
them expand towards the extremity of the space first marked out; while others succeed in
their places; till, after thirty of forty explosions, three distinct rings appear, each
consisting of all colours. ([25] pp. 331-333)

The limitation of energy storage in batteries of Leyden jars allowed only pulsed
and oscillating discharges to exist — no continuous discharge was yet possible.
Therefore, cathodes could not heat up to operate in the thermionic mode, and
early discharges utilized electrode emission mechanisms characteristic for globally
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cold cathodes. As a consequence, these discharges show characteristics today
associated with cathodic arc discharges: explosive emission processes, formation
of erosion craters, macroparticles, and well-adhering coatings on surfaces placed
in the plasma stream.

Because Priestley’s “original experiments” were included in his widely distrib-
uted History, electricians of the eighteenth century were well aware of them;
however, no practical application could be derived at that time. His observations

remained a laboratory curiosity, and they were largely forgotten.

2.2.3 Experiments Leading to the Electrochemical Battery

Near the end of the eighteenth century, a completely new branch of electrical
science appeared: “animal electricity.” It was known that some kind of creatures,
like the “electric eel” or the “electric torpedo” had electrical properties. The
emerging field went on center stage when the professor of anatomy, Luigi
Galvani (1737-1798), performed numerous experiments in Bologna, Italy, on
“animal electricity.” In a 1791 publication [26], he reported about the motion of
frog legs when the frog is placed on an iron plate and its spinal cord is touched
with a copper hook. The story of this discovery is very interesting on its own [5]
but not of central importance here. While Galvani and his nephew, Giovanni
Aldini (1762-1834), defended the theory of animal electricity, Volta, by that time
already a well-respected scientist, developed a different theory of Galvani’s
animal experiments. Volta developed the contact theory, which says that elec-
tricity is generated when two dissimilar metals are brought in contact with a
“conductor of the second art,” such as salt water. The exchange of arguments,
with Galvani and Aldini on one side and Volta on the other, is well documented
and discussed, e.g., by Dibner [5].

To really make his point, Volta recognized that he needed to replace Galvani’s
frog legs by other, non-animal detectors, such as an electrometer. Electrometers
had been developed, for example, by William Henley (unknown-1779) [27],
Timothy Lane (1733/34-1809)[28], Abraham Bennet (1750-1799), and Volta
himself. The problem was that all electrometers were only suited to measure
electricity of higher “tension.” Apparently, the forza motrice (electromotive
force, a term Volta had introduced in 1796 [29] p. 135) of a single contact pair
of dissimilar metals was too small to show a consistently measurable deflection
in an electrometer. The need for amplification lead to Volta’s breakthrough
invention at the end of 1799, which opened a new chapter in chemistry, elec-
tricity, and discharge physics.

By the end of 1799, Volta accomplished a seminal improvement of the
Galvanic effect by adding many pairs of unlike metals separated by wet card-
board (Figure 2.4). Volta reported the invention of the “electric pile” in his
famous letter, dated March 20, 1800, to Sir Joseph Banks (1743-1820), president
of the Royal Society in London [30, 31]. Using up to 60 pairs of zinc and silver
plates, Volta finds
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Fig. 2.4. Volta’s pile, a battery of electrochemical cells, consisting of unlike metals (zinc,
copper) and wet cardboard. (After [30, 31])

To obtain such slight shocks from this apparatus which I have described, and which is
still too small for great effects, it is necessary that the fingers, with which the two
extremities are to be touched at the same time, should be dipped in water, so that the
skin, which otherwise is not a good conductor, may be well moistened. . .. I can obtain a
small pricking or slight shock . .. by touching. .. the fourth or even third pair of metallic
pieces. By touching then the fifth, the sixth, and the rest in succession till I come to the
last, which forms the head of the column, it is curious to observe how the shocks
gradually increase in force. ([31] pp. 292, 293)

One should note that Volta mentioned here that his battery “is still too small
for great effects,” suggesting that larger, more powerful batteries should be built.
A few years later, in 1805, Volta explicitly calls for a pile of 1800-2000 pairs to
obtain 35° deflection of his straw electrometer ([32] p. 94). Back in 1800, Volta
continues

The effects sensible to our organs produced by an apparatus formed of 40 or 50 pairs of
plates. .. are reduced merely to shocks: the current and variety of different conductors,
silver, zinc, and water, disposed alternately in the manner above described, excites not
only contractions and spasms in the muscle, convulsions more or less violent in the limbs
through which it passes in its course; but it irritates also the organs of taste, sight,
hearing, and feeling. ([31] p. 302)

Frighteningly from today’s perspective, he then elaborates on the different
levels of pain felt by various senses as a function of the number of metal pairs.

The English chemist William Nicholson (1753-1815) and the surgeon Sir
Anthony Carlisle (1768-1840) learned about Volta’s letter to Sir Banks before
it was published. In June of 1800 they constructed a voltaic pile and succeeded in
decomposing water, which they published in Nicholson’s own journal [33]. Their
publication triggered tremendous interest in Volta’s invention and, importantly
for the discovery of the arc discharge, further development of the battery itself.

Among the excited researchers was the chemist William Cruickshank
(1745-1800). In 1800, just months before his death, Cruickshank designed a
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Fig. 2.5. Cruickshank’s design of a horizontally arranged Voltaic pile, the prototype for
larger electrochemical batteries that enabled research on discharges, consisting of rectan-
gular zinc and copper plates in a resin-insulated wooden trough. (After [34])

horizontal voltaic pile (Figure 2.5) consisting of rectangular zinc and copper
plates in a resin-insulated wooden trough [34]. Using his version of the pile,
Cruickshank decomposed magnesium, sodium, and ammonium chlorides and
precipitated silver and copper from solutions, an observation leading to electro-
plating. He also found that the liquid around the anode became acidic, and that
around the cathode alkaline. Cruickshank’s style of the electrochemical battery
became a widely used standard until the introduction of Daniell cells in 1836.

2.3 Cathodic Arcs in the Nineteenth Century

2.3.1 Improvements to the Voltaic Pile

Following the publication of Volta’s sensational results, many researchers built
their own copy of Volta’s pile (increasingly using Cruickshank’s version) and
started experiments, mainly focusing on the physiological and chemical effects
of electricity. For example, Ritter examined the decomposition of water and the
electrical effects on various senses. He moved on, asking “Can we increase the
action of a battery to infinity?” [35]. He struggled, like others, with electrical
quantities other than the number of metal pairs. He showed that increasing the
area of the electrode plates does not increase the voltage but it increases “the
strength of a spark.” A similar effect can be obtained by choosing an electrolyte
of better conductivity (e.g., ammonia (solution) versus salt water and pure
water). We have to recall that it was only in 1825 when Georg Friedrich Ohm
(1787-1854) formulated the fundamental law that couples voltage, current, and
resistance [36]. The concept of internal resistance was not clear in the early 1800s,
although it was empirically recognized that batteries of large electrode area and
well-conducting electrolytes are more powerful.

Improvements to the voltaic pile were made not only by Cruickshank but also
by William Hyde Wollaston (1766—1828), best known for his contributions to
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optics, the French Antoine-Francois Fourcroy (1755-1809), and Robert Hare
(1781-1858) of Philadelphia. Large voltaic piles were also constructed by
Andrew Crosse (1784-1855), who is often portrayed as the archetypical “mad
scientist” on whom “Frankenstein” by Mary Shelley (1797-1851) was modeled.

The observation of the “first” continuous arc discharge is intimately related to
the development of more powerful electrochemical batteries. Having the dis-
covery of new electrochemical and physiological effects in mind, researchers at
several institutions and universities lobbied for much larger voltaic batteries.
Among them were Humphrey Davy (1778-1829) in England and Vasilii V.
Petrov (1761-1834) in Russia.

2.3.2 Davy’s Observation of Pulsed Discharges

Davy, still in Bristol, i.e., before his move to London in 1801, acquainted himself
with Volta’s pile and performed electrochemical experiments in which he already
noticed discharges, and in particular with graphite electrodes:

The earlier experimenters (*) on animal electricity noticed the power of well-burned
charcoal to conduct the common galvanic influence. I have found that this substance
possesses the same properties as metallic bodies in producing the shock and spark (*¥),
when made a medium of communication between the ends of the galvanic pile of
Signore Volta. ..

(*) The inventor of the galvanic pile discovered the conducting power of charcoal. His
experiments were confirmed by Creve and Schmuck. See Paff on Animal Electri-
city, p. 48.

(**) The spark is most vivid when the charcoal is hot. [37]

In one detail, Davy was respectfully corrected in the only letter sent to Davy
by Joseph Priestley:

Sir — I have read with admiration your excellent publications,...I thank you for the
favourable mention you so frequently make of my experiments, and have only to
remark, that in Dr. Nicholson’s Journal you say that the conducting power of charcoal
was first observed by those who made experiments on the pile of Volta, whereas it was
one of the earliest I made and gave account of in my history of electricity and in the
Philosophical Transactions. . .. [38]

He was referring to his work done in 1766 [2]. Davy’s reference to charcoal is
interesting because the development of the first truly continuous arc discharges
made use of graphite electrodes. Cathodic arc discharges on relatively cold graphite
electrodes are today used for the deposition of diamond-like carbon films. From his
early publications, we can infer that Davy had produced, observed, and reported on
“spark” discharges with carbon electrodes, which in modern interpretation were,
most likely, low-current arcs of short duration. The early voltaic piles could not
sustain continuous arcs due to their high internal resistance.

In the following year, 1801, Davy began his extraordinarily successful elec-
trochemical research. Using increasingly powerful voltaic piles of Cruickshank’s
construction, he noticed discharges producing plasma:
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The apparatus employed in these experiments was composed of 150 series of plates of
copper and zinc of 4 inches square, and 50 of silver and zinc of the same size. The metals
were carefully cemented into four boxes of wood in regular order, after the manner
adopted by Mr. Cruickshank, and the fluid made use of was water combined with about
1/100 part of its weight on nitric acid.

The shock taken from the batteries in combination by the moistened hands, was not
so powerful but that it could be received without any permanently disagreeable
effects... When the circuit in the batteries was completed by means of small knobs of
brass, the spark perceived was of a dazzling brightness, and in apparent diameter at least
1/8 of an inch. It was perceived only at the moment of the contact of the metals, and it
was accompanied by a noise or snap.

When instead of the metals, pieces of well-burned charcoal were employed, the spark was
still larger and of a vivid whiteness, an evident combustion was produced, the charcoal
remained red hot for some time after the contact and threw off bright corruscations.

Four inches of steel wire 1/170 of an inch in diameter, on being placed in the circuit
became intensely white hot at the points of connection, and burnt with great vividness
being at the same time red throughout the whole of their extent.

Tin, lead, and zinc, in thin shavings were fused and burnt at their points of contact in
the circuit, with a vivid light and with a loud hissing noise. Zinc gave a blue flame, tin a
purplish, and lead a yellow flame violet at the circumference.

When copper leaf was employed it instantly inflamed at the edges with a green light
and vivid sparks,. . . silver leaf gave a vivid light, white in the centre and green towards
the outline, with red sparks of corruscations. Platina in thin slips, when made to
complete the circuit, became white hot, and entered into fusion. ...

A few only of these experiments have any claim to originality. On the phenomena of the
combustion of bodies by galvanism we have been already furnished with many striking
experiments, by our own countrymen, and by the German and French philosophers. . . . [39]

One may speculate that Davy, when reporting that charcoal “threw off bright
corruscations,” was referring to the cathodic arc mode of an arc, and the
corruscations were “macroparticles” in modern terminology. At this time, how-
ever, he did not yet observe a continuous arc discharge.

2.3.3 Petrov’s Observation of Continuous Arc Discharges

The news about Volta’s invention of the pile made it also quickly to St. Peters-
burg, capital of Russia since 1710. Although still a new city, St. Petersburg had
already a history and reputation in science when Vasilii Petrov became a pro-
fessor in 1795 at the Military-Medical (formerly Medical-Surgical) Academy.
Petrov had already investigated electrical phenomena at that time. He strongly
advocated the expansion of the Physical Cabinet by acquisition of equipment.
The academy agreed to spend 300 rubles, that is, 200 rubles to order 200 zinc and
copper plates, 25 cm diameter each, and the remaining 100 rubles were assigned
for a glass and copper container on a pedestal to accommodate stacks of metal
and cardboard disks in wooden boxes. This battery was comparable in size with
devices being built at European institutions at that time.

Petrov realized that a larger battery would not only result in amplified effects
but could lead to principally new effects. He successfully raised funds for an
“enormous” battery, 20 times larger than the first. Count Dmitrii Petrovich
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Buturlin donated 28,000 rubles to the St. Petersburg and Moscow Medical-
Surgical Academy ([40] p. 2). The “enormous” battery consisted of 4200 copper
and zinc disks. Stacks of plates were mounted in four boxes of red wood and
sealed by wax. Each box was 12 in. (about 30 cm) wide and 10 ft (about 3 m) long
and consisted of two segments connected with movable copper bars. The bars
could be used to connect or disconnect parts of the battery ([40] pp. 19-22). The
four boxes were placed parallel to each other but alternately ended with zinc and
copper so when connected represented a serial circuit of all 4200 electrochemical
cells ([40] pp. 22-25, Figure 2.6). Petrov defined and used the term “enormous
battery” in the sense when all stacks were connect this way; however, other
configurations were possible too ([40] p. 25).
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Fig. 2.6. Cover page of Petrov’s report “Announcements on Galvano-Voltaic experi-
ments, conducted by the Professor of Physics Vasilii Petrov, based on an enormous
battery, consisting of 4200 copper and zinc disks, located at St. Petersburg’s Medical
and Surgical Academy (in Russian),” published in 1803
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Once the large battery was completed, experiments could begin. Petrov
noticed sparks at metal pieces when he interrupted the electric circuit. Using
graphite electrodes, he observed

If two or three charcoal pieces are placed on a glass plate or on a bench with glass legs,
and if the charcoal is connected to both ends of an enormous battery using metallic but
isolated conductors, and if the two pieces are brought in close distance of one to three
lines [2.5-7.5 mm], then a very bright cloud of light or flame shines, burning the charcoal
more or less fast, and one may illuminate a dark room as bright as one wants to. ([40]
pp. 163-164)

Petrov had made, observed, and described the first continuous arc discharge.
Moreover, he suggested that the bright light or “flame” (plasma) could be used
for lighting purposes — the first possible real application of electricity apart from
the entertainment of aristocrats. It is reasonable to assume that at the beginning
of the discharge, when the electrodes are still cold, the arc burned in the cathodic
(i.e., explosive) mode, while it may have quickly transitioned into the thermionic
mode in which the arc burns more or less stable.

When Petrov replaced one of the electrodes with metal, he observed melting,
burning, and erosion of the metal.

If an iron spiral. .. holding a drop of mercury as one electrode, was ... brought to the
charcoal, which is connected to the other pole of the battery, then also between them a
more or less bright flame appears, from which the mercury burns, but the end of the
wire, almost in an instant, becomes red glowing, melts, and starts burning with a flame
and throwing a very large number of sparks in different directions. ([40] pp. 165-166)

While the carbon arc may have quickly switched into thermionic mode, the
iron wire “throwing sparks in different directions” was certainly in the cathodic
arc mode, emitting the characteristic incandescent macroparticles.

Petrov also investigated the phenomena in “vacuum” (rarefied background
gas by today’s understanding).

The light, accompanying the flow of the Galvano-Voltaic liquid in the airless space, was
bright, of white color, and not rarely from the glowing ends of the needles [electrodes],
or from the sparks coming off like little stars. ([40] p. 176)

Here, there is little doubt that Petrov refers to a cathodic arc with macro-
particle emission. He found the light emission in low gas pressure was enhanced
compared to atmospheric air, and he emphasizes

The electric light in most perfect evacuated air represents an unequaled greatest phe-
nomenon, as I could not have wished to obtain from the Galvano-Voltaic liquid. ([40]
p. 190)

The question may arise as to why his work disappeared in obscurity for about
a hundred years. First, Petrov published his work only in Russian, a language
that was generally ignored in the rest of the world. Second, the scientific com-
munity of Russia was isolated. Regular communication around 1800 largely
depended on time-consuming travel. Finally, there was a “German Sway” in
St. Petersburg that was at odds with Petrov [41]. A group of foreign scientists in
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St. Petersburg, most notably the academicians Kraft, Fuchs, and Georg
Friedrich Parrot (1767-1852), delayed Petrov’s election as member of the acad-
emy and prevented the distribution of his work [41].

2.3.4 Davy’s Work on Continuous Arc Discharges

About 3 years after Petrov’s publication, and unaware of it, Davy in London
made a breakthrough in electrochemical experiments using a large voltaic bat-
tery of several hundred metal pairs. He succeeded in the electrolytic decomposi-
tion of potash and soda, obtaining the metals potassium and sodium, which he
announced at his famous Bakerian Lecture of 1807 [42, 43]. He continued,
isolating the elements barium, strontium, calcium, and magnesium in 1808.
Because he used fairly large batteries, discharge phenomena accompanied the
chemical research. Davy writes

... Tacted upon aqueous solutions of potash and soda, saturated at common tempera-
tures, by the highest electrical power I could command and which was produced by a
combination of Voltaic batteries belonging to the Royal Institution, containing 24
plates of copper and zinc of 12 inches square, 100 plates of 6 inches, and 150 of 4 inches
square, charged with solutions of alumn and nitrous acid. . ..

The flame of a spirit lamp, which was thrown on a platina spoon containing potash,
this alkali was kept for some minutes in a strong red heat, and in the state of perfect
fluidity. The spoon was preserved in communication with the positive side of the battery
of the power of 100 of 6 inches, highly charged; and the connection from the negative
side was made by a platina wire.

By the arrangement some brilliant phenomena were produced. The potash appeared
to be a conductor in a high degree, and as long as the communication was preserved, a
most intense light was exhibited at the negative wire, and a column of flame, which
seemed to be owing to the development of combustible matter, arose from the point of
contact.

When the order was changed, so that the platina spoon was made negative, a vivid
and constant light appeared at the opposite point: there was no effect of inflammation
round it: a aerifom globules, which inflamed in the atmosphere, rose through the
potash.

The platina, as might have been expected, was considerably acted upon: and in the
cases when it had been negative, in the highest degree. ([43] pp. 58-60)

Not surprisingly, by 1808 his large battery at the Royal Institution was
exhausted (the zinc consumed by oxidation, [7] p. 9). In July of 1808, Davy
laid a request before the managers of the Royal Institution for a public sub-
scription for the purchase of a very large voltaic battery. Davy, who was later
knighted (1812) and became president of the Royal Society (1820), was already a
leading figure of English science at that time, and his request was taken seriously.
To continue his experiments he was provided with a battery of 2000 pairs of
plates, whose total active electrode area was 80 m? ([44] p. 21). This battery
(Figure 2.7) was so powerful that it allowed him to obtain continuous arcs,
which he demonstrated several times, starting in 1809, to a very impressed
audience in the theatre of the Royal Institution [45]. Davy’s presentations of
the carbon arc light (Figure 2.8) made this type of discharge well known; it
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Fig. 2.7. An electrochemical battery used for experiments involving high voltages and
currents, most likely the one in the basement of the Royal Institution, London, about
1808

Fig. 2.8. Presentation of arc light by Davy, in or after 1809

became part of established science. However, the cost of a large voltaic battery
was prohibitively high, and its capability for delivering power over longer times
was limited. Further development of arc technology was dependent on an energy
source that went beyond capacitor banks and electrochemical batteries. Such
source came along with the discovery of electromagnetic induction and the
invention of the electrical power generator.
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2.3.5 Electromagnetic Induction

The history of electromagnetic induction is well researched and much has been
written about it [6, 7, 8, 44, 46, 47, 48]. Therefore, only a few sentences should
suffice here, even with the extraordinary importance of the discovery both for
scientific and for technological progress.

In the late eighteenth and early nineteenth centuries, there was a strong belief
in the unity of all natural forces, and such belief was sometimes used as a guide to
design experiments. The Danish chemist Hans Christian Orsted (also spelled
Oersted) (1777-1851) was not surprised when he observed in 1820 that a
compass needle moved when electric current was sent through a wire nearby.
A large number of scientists investigated Oersted’s findings, and many contrib-
uted to the growing field of electromagnetism. At the Ecole Polytechnique in
Paris, André-Marie Ampere (1775-1836), professor of mechanics, developed a
mathematical theory, and Francois Arago (1786—1853), professor of analytical
geometry, discovered magnetization of iron by a coil and the magnetic effect of a
rotating copper disc. In Germany, Georg Simon Ohm (1789-1854) made careful
measurements leading to the law named after him [36], and Thomas Johann
Seebeck (1770-1831) discovered a connection between electricity and heat
(Seebeck effect, 1821). In Albany, New York, Joseph Henry (1797-1878)
increased the power of electromagnets and devised the first electromagnetic
telegraph, leading to the discovery of electromagnetic induction (1831). Due to
his failure to publish his discovery, Henry did not receive the same recognition
as Faraday.

Among all, Michael Faraday (1791-1867) stands out; he is generally consid-
ered as the greatest experimentalist of the nineteenth century (see, for example,
his biography by Thomas [48]). Faraday was trained as electrochemist by Davy
and also worked at the Royal Institution in London. In 1821 he constructed a
“rotator,” which essentially was the first electric motor, but it was only in
1831 when he returned to electromagnetic research. He discovered electromag-
netic induction using rather simple pieces of equipment, such as a ring of soft
iron, wrapped with copper wire, with a trough battery supplying current and a
compass needle as a meter. Electromagnetic induction became later the basis for
large-scale power generation, a precondition for the next chapters in arc history.

2.3.6 Riihmkorff Coil and Pulsed Discharges

Before electromagnetic induction made it from Faraday’s and Henry’s labora-
tories to industrial scale use, researchers still relied for many years on electro-
chemical cells and batteries as their power source. The voltage of cells and
batteries is continuous and needed to be interrupted to produce an induction
effect. Electromagnetic induction started to play an important role for making
high-voltage devices (though pulsed, of course), enabling smaller, affordable
experiments with gas discharges.
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Fig. 2.9. Principal circuit of an induction coil (mid-nineteenth century)

Induction coils [49] were developed, based on interrupting current in a
primary coil circuit, thereby generating a large d//dz and a proportional voltage,
which is stepped up in a secondary coil according to the transformer’s turns
ratio. Figure 2.9 shows the principal circuit. The switch was the weak point in the
primary circuit. To generate frequent voltage pulses, the switch must be oper-
ated more frequently. One approach was to use a mechanism [50] as shown
in Figure 2.10. Ultimately, the electromagnetic force of the coil itself was used
to move the switch, a concept invented by Heinrich Daniel Rithmkorff
(1803-1877). Riihmkorff was a German-born instrument maker who went to
Paris in 1819 where he spent the rest of his life ([51] p. 591). He conducted a long
series of experiments on electromagnetic induction and developed the induction
coil that made him famous throughout Europe. From 1851 he sold induction
coils which became an important tool for discharge physics for decades to come.
These devices played an important role in the discovery of cathode rays and
X-rays [8]. A Riithmkorff coil (Figure 2.11) consists of a central cylinder of
soft iron on which were wound two insulated coaxial coils. The inner coil was

Fig. 2.10. Improved induction coil using a mechanized switching mechanism. (After [50])
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Fig. 2.11. Rithmkorff coil: an improved induction coil with integrated electromagnetic
interrupter (second half of the nineteenth century): this device enabled numerous plasma
and deposition studies with Geissler tubes

the primary, consisting of a few turns of relatively thick copper wire, and the
outer coil was the secondary with a very large number of much thinner wire. An
interrupter automatically makes and brakes the current in the primary, thereby
inducing in the secondary an intermittent (pulsed) high voltage. Rithmkorff’s
coil enabled numerous early plasma experiments, including the synthesis of
coatings by pulsed sputtering.

2.3.7 Discharge Experiments in Gases and “In Vacuo”

Using the best vacuum technology of the time, Faraday investigated in 1835 the
ability of a given gas in a glass tube to pass the discharge current in terms of the
pressure of the gas (cf. [46] pp. 113—116, and [48] p. 56). By observing the emitted
light he found that the nature of the discharge between metal electrodes in
evacuated vessels changed as the pressure changed. In particular, he noted a
dark space near the cathode, which was later named after him.

Vacuum technology has developed since Otto Guericke (1602—-1686) demon-
strated his Magdeburg hemisphere experiment (1654), though until the early
1850s, vacuum referred to about 1/50th of a millimeter mercury (~1 Pa), at best.
Figure 2.12 shows “Bianchi’s air pump,” illustrating the large manual effort it
took to get even to this degree of evacuation.

One of the great problems was leakage at the pump’s pistons. Great progress
was made in 1855when the German glass blower Johann Geissler (1814-1879)
developed a vacuum pump based on moving a column of liquid mercury ins-
tead of mechanical pistons (Figure 2.13, right), which allowed him to eventually
reach about 107 of atmospheric pressure. Further improvements were made
in the 1860s by Herrmann Johann Philipp Sprengel (1834-1906) by introducing
re-circulating mercury (Figure 2.13, left), which was perfected by L. von Babo in
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Fig. 2.12. Bianchi’s air pump illustrating the difficulty to obtain vacuum (mid-nineteenth
century)

Fig. 2.13. Geissler vacuum pump (right) based on moving a column of liquid mercury
instead of mechanical pistons; Sprengel vacuum pump (/ef?): an improved Geissler pump
with re-circulating mercury

1876 as the self-recycling, mercury-drop pump. The ultimate pressure was now
reduced to the vapor pressure of mercury. These pumps were used by Edison in
Menlo Park (see later this chapter).
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Fig. 2.14. Plate from Grove’s original work [53] describing coating by cathode disinte-
gration (sputtering)

Geissler’s tubes enabled the first true vacuum-based plasma experiments,
including film deposition by “cathodic disintegration” [52, 53, 54]. Based on
the gas pressures and the electrical circuits used (Figure 2.14), we know that
“cathode disintegration” is due to sputtering of the cathode by pulsed glow
discharges. Less certain is the case of experiments by Julius Pliicker who
observed in 1858 that when the cathode was made from platinum,

small particles of platinum were torn off. .. and deposited upon the internal surface of
the glass bulb enclosing the electrode. . . this glass bulb becomes gradually blacked, and
after the long-continued action, the bulb. .. becomes coated internally with a beautiful
metallic mirror. [55]

Did Pliicker observe what we call now macroparticles? Or was he referring to
indiscernible particles (atoms) that were sputtered when talking about small
particles?

2.3.8 Faraday’s Deflagrator

In his Bakerian Lecture of 1857, Faraday described optical properties of thin
metal films in great detail [56]. The films were made by various methods,
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including mechanical, chemical, and electrical discharge techniques. Faraday’s
experimental skills were exceptional, as one can realize from the following
short quote:

Beaten gold-leaf is known in films estimated at the 1/282000th of an inch [90 nm] in
thickness; they are translucent, transmitting green light, reflecting yellow, and absorb-
ing a portion...so a leaf of beaten gold occupies an average thickness no more than
from 1/5th to 1/8th part of a single wave of light. ([56] pp. 146-147)

The electrical coating techniques described by Faraday are based on dis-
charges of a battery of Leyden jars (high voltage) or battery of voltaic cells
(low voltage). The Bakerian Lectures were usually accompanied by experimental
demonstrations, but unfortunately the written description of the experiments
does not include a lot of detail. One may argue whether the setup was a wire
explosion or a discharge with clearly defined anode and cathode.

Gold wire deflagrated by explosions of a Leyden battery produces a divided condition,
very different to that presented by gold leaves. Here the metal is separated into
particles. .. When the deflagration has been made near surfaces of glass, rock-crystal,
topaz, flour-spar, card-board, &c., the particles as they are caught are kept separate
from each other and in place, and generally those which remain in the line of the
discharge have been heated by the passage of electricity. The deposits consist of particles
of various sizes, those at the outer parts of the result being too small to be recognized by
the highest powers of the microscope. Besides making these deflagrations over different
substances, [ made them in different atmospheres, namely, in oxygen and hydrogen, to
compare with air. ([56] p. 152)

The source of electrical energy can also be the voltaic battery, and so Faraday
continues

When gold is deflagrated by the voltaic battery near glass. . ., a deposit of metallic gold
in fine particles is produced. . . . The deposited gold was easily removed by wiping, except
actually at the spot where the discharge had passed. ([56] p. 154)

One may easily see striking similarities to Priestley’s experiments of 1766,
when the links of a brass chain were arc-eroded and the erosion products
deposited on a glass plate. While most of Faraday’s experiments were with
gold, he also used other metals:

I prepared an apparatus by which many of the common metals could be deflagrated in
hydrogen by the Leyden battery, and being caught upon glass plates could be examined
as to reflexion, transmission, colour, &c. whilst in the hydrogen and in the metallic, yet
devided state. ([56] p. 154)

Optical properties of thin films of Cu, Sn, Fe, Pb, Zn, Pd, Pt, Al, Ag, Rh, and
Ir were included in his work. Faraday called the explosive process “deflagra-
tion,” defined in Webster’s as “burning with a sudden and sparkling combus-
tion” ([S7] p. 441). Interestingly, Webster’s also knows about a “deflagrator,” an
“instrument for producing rapid and powerful combustion, as of metals, by
electricity.” Did Faraday present a “deflagrator,” a predecessor of a cathodic arc
plasma source that can be used for film deposition?



30 2 A Brief History of Cathodic Arc Coating
2.3.9 Optical Emission Spectroscopy

Faraday’s friend Charles Wheatstone (1802—1875) used a prism to study the
light emitted by electrical discharges (cf. [46] pp. 113—116). He found that the
spectrum is not continuous but consists of many spectral lines of distinct color,
which at least in part depend on the kind of metal used for the electrodes.

George Gabriel Stokes (1819-1903) was one of the first, or the first, to study
the spectrum emitted from metal plasma of a cathodic discharge. Stokes is
mainly known for his research in fluid mechanics but he also contributed,
among others, to optics and spectroscopy (e.g., he coined the term fluorescence).
In 1862 he published observations on light emitted by discharges:

“... the spectrum of a powerful discharge from a Leyden jar extends no less than six or
eight times the length of the visible spectrum.” Especially in the ultraviolet, “the lines
seen vary from metal to metal, and therefore are to be referred to the metal and not to
the air. They are further distinguished from the air lines by being formed only at the
almost insensible distance from the tips of the electrodes, whereas air lines would extend
right across. ... The metal spectra of which I have observed are platinum, palladium,
gold, silver, mercury, antimony, bismuth, copper, lead, tin, nickel, cobalt, iron, cad-
mium, zinc, aluminium, magnesium. Several of those show invisible lines of extraordin-
ary strength, which is especially the case with zinc, magnesium, aluminium, and lead,
which last, in a spectrum not generally remarkable, contains one line surpassing perhaps
all the other metals. ...” [58]

2.3.10 Maxwell

Although the Scottish physicist James Clerk Maxwell (1831-1879) did not
directly work on arcs and coatings, his influence on science is so significant
that his work deserves special mentioning. Most noteworthy, Maxwell extended
earlier work on electricity and magnetism by Faraday, Ampere, and others. In
1864, he presented to the Royal Society a set of linked differential equations
describing electric and magnetic fields and their interaction with matter [59]. The
original 20equations in 20variables were later reformulated in vector and
quarternion notation and became known as Maxwell’s equations. Maxwell
made also major contributions to other fields relevant to arc physics, such as
the kinetic theory of gases. The equilibrium distribution function is named
after him.

2.3.11 Wright’s Experiments: Coatings by Pulsed Glow or Pulsed Arc?

While most of the early work in “vacuum” discharges noted coatings on the glass
container, research was usually focused on other phenomena. In 1877, Arthur
W. Wright, a professor at Yale University, New Haven, CT, was one of the first
to systematically describe the color and reflectance of coatings obtained when
using different cathode materials [54]. Unfortunately, Wright did not show any
figure in his paper and was very sparse in describing the electrical circuit
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BFig. 1190,

Fig. 2.15. Coating experiment on the inner side of the glass vessel (right) by a pulsed
discharge using a Rithmkorff coil — it is likely that such setup was used by Wright [54]
(drawing from a German text book, about 1900)

parameters. From his verbal description and other sources of contemporary
work, one may conclude that his setup must have been similar to what is shown
is Figure 2.15. Because Wright used an induction coil, the voltage was stepped up
and the current was stepped down proportionally, which suggests that his
discharge was a pulsed glow, not an arc. Sputtering experiments were popular
after the discovery by William Robert Grove in 1852 [52, 53]. In any case, Wright
deserves recognition as one of the first who systematically studied plasma-
assisted coatings. His work gained attention because it was (mis)interpreted as
cathodic arc coating by the patent examiner who rejected Edison’s patent claims
(see next sections) based on Wright’s prior art [60, 61].

2.3.12 Lecher’s Arc Experiments: Discontinuous Current Transfer

Stimulated by several experiments by Edlund, Gustav Wiedemann, and Hein-
rich Hertz, the Austrian physicist Ernst Lecher (1856-1926) did numerous
experiments to disprove Edlund’s hypothesis of an electromotoric force in
spark and arc discharges. Lecher, who was at the time assistant at the “Physi-
kalisches Cabinet” at the University of Vienna, derived a number of interesting
conclusions using a setup shown here as Figure 2.16. The arc was burning
between horizontally positioned electrodes e and ¢’ in air, with the right side
grounded. The electrode materials were Cu, Fe, Ag, Pt, and graphite. In order to
investigate the continuous or rapidly pulsing nature of current transport, he
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Fig. 2.16. Experimental setup of Lecher showing that the current transfer is discontin-
uous, i.e., occurring in small portions — a predecessor experiment to the modern explosive
electron emission. (After [62])

connected a circuit branch parallel to the arc. That branch consisted of a
capacitor c¢’ (1 pF), apparatus “A” which was mainly a thin brass wire of
50 um diameter and 50 cm length, and the primary coil of a Rithmkorff induc-
tion coil. The Rithmkorff induction coil could be bypassed by a switch a b, and
the capacity of ¢c’ could be increased by a parallel capacitor ff.

The thin brass wire was part of a sensitive current-measuring instrument
(apparatus “A” in the figure) originally introduced by Heinrich Hertz, the
discoverer of electromagnetic waves. When current flowed through the wire,
its temperature increased and the wire expanded. One end of the wire was pulled
by a spring, and before the wire was connected to the spring, it was wrapped
around a vertical steel needle. Therefore, expansion of the brass wire caused a
slight rotation of the steel needle. A small mirror was mounted on top of the
needle projecting a beam of light onto a scale mounted 5m distant from the
mirror.

The idea was that if the current in the arc was flowing continuously and the
potential difference between the electrodes was constant, the capacitor should
charge to the constant arc burning voltage and the charging current should
quickly cease. Lecher observed this case for the carbon arc in its quiet mode
(“non-hissing” or thermionic arc mode). In other cases, he found significant
fluctuation and pulsing of the arc voltage, leading to charging and discharging
currents of the capacitor but only when the Rithmkorff coil was bypassed. When
Lecher had the Rihmkorff coil in the circuit, no current was flowing in the
capacitor circuit. After varying electrode material and polarity, Lecher
concluded

The transition of electricity in the Galvanic arc is discontinuous. When using copper and
silver electrodes, the individual pulses appear to be so rapid that in fact it is impossible to
prove it. The number of pulses with iron and platinum is much smaller, and one can
already state the existence of the phenomenon with the experimental techniques applied
here. .. . The main direction of convection appears to be from the negative to the
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positive electrode. The light phenomenon flows so violently from the negative electrode
that for example metal vapor and smoke coming from below are pushed away into this
direction. ([62] pp. 630, 636-637)

With these observations, Lecher is one of the pioneers of the cathodic arc
mode; he anticipated what we now call explosive electron emission.

2.3.13 Goldstein’s Canal Rays

Among the many interesting experimental approaches in the second half of the
nineteenth century to the physics of gas discharges and related phenomena
belongs the discovery of canal rays, or ion beams as would we say today. Eugene
Goldstein reported to the Academy in Berlin, Germany, that one can observe
fine beams emanating from small holes drilled in the cathode of a glow discharge
tube [63]. One would need a special vessel that has the discharge on one side and
a gas volume on the other side (Figure 2.17). lons accelerated in the cathode fall
of the discharge side continue to travel through the cathode to reappear at the
other side where collisions with gas atoms create a luminous phenomenon. This
early observation of ion beams is mentioned here because it marks the beginning
of controlled ion acceleration and interaction with matter. These processes
belong to the foundation of modern plasma-assisted processing.

Fig. 2.17. Discharge tube of Goldstein who observed cathode rays coming from holes
drilled in the cathode: Some ions accelerated in the cathode fall can cause gas excitation
on the other side of the cathode. (From [63])

2.3.14 Edison’s Coating Patents

In the 1880s, Thomas Alva Edison in Menlo Park experimented with a number of
ideas. Among the challenges was to find a duplication process of phonographs,
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Gpwestiias) T. 4. EDISON. e
ART OF PLATING ONE MATERIAL WITH ANOTHER.
No. 526,147, Patented Sept. 18, 1804,

Fig. 2.18. Figure 1 of Edison’s plating patent US 526147, granted in 1894

the new, revolutionary way to record and store sound. It appears that he was the
first who explored cathodic arc coating as described in his patent application “Art
of plating one material with another,” filed on January 28, 1884 [64] (Figure 2.18).
The application was initially declined due to apparent prior art by Wright. Edison
filed another application in 1888, “Process of duplicating phonograms,” where he
narrowed his claims [65]. The latter patent was granted first, on October 18, 1892,
and so it constitutes the first granted patent that describes cathodic arc coating.
The earlier application was finally granted in 1894, after Edison limited its claims
to a continuous discharge in order to distinguish his claims from Wright’s pulsed
work (which most likely was sputtering). Ironically, a continuous arc has the
“danger of injuring the very delicate phonographic-record surface, particularly
from the heat of the arc,” as he admitted in his 1902 patent “Process of Coating
Phonograph-Records,” [66] and therefore Edison decided to use sputtering for the
production of phonogram copies. Some details of Edison’s work and patent
disputes can be found in publications by Boxman [60] and Waits [67].

As is well known, Edison was a prolific inventor, and his interest encom-
passed a range of phenomena. In 1883 he discovered thermionic emission of
electrons (see Chapter 3), at a time when the electron was still a hypothetical
particle. In 1899, J.J. Thompson showed that the “Edison effect” is indeed
emission of electrons [68, 69].

2.3.15 Cathodic Arc Ion Velocity Measurements

At the end of the nineteenth century, measuring techniques (of what we call
today plasma diagnostics) became more sophisticated. For example, a remark-
able measurement was the determination of ion velocity with optical and spec-
troscopic means. The researcher A. Schuster [70] used a mechanical streak
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Fig. 2.19. Rotating mirror streak camera developed to investigate the development of
discharges in air; remarkably, this device was used as early as 1861 and made use of
photography as a detector. (From [71])

camera originally developed by Feddersen [71] (Figure 2.19) to determine the
velocity of zinc ions in air. Due to the interaction of zinc with the gas molecules,
he found that the velocity is reduced from an initial 2000 m/s at 1 mm distance
from the cathode to 400 m/s at 4 mm distance, i.e., values that are quite reason-
able based on much-later measurements.

2.3.16 Early Probe Experiments in Arc Plasmas

Electrical probes have been used to study plasmas long before a correct probe
theory was developed. Among the early pioneers was Ernst Lecher, who was
previously introduced as a physicist finding evidence of discontinuous current
transfer at the cathode. In Lecher’s 1888 paper one can read:

As far as I know, there are no experiments on the potential distribution within the
arc. .. [ directly placed a thin carbon rod, 1.2 mm thick, inside the middle of the arc. ..
the rod was connected to an electrometer. One side of the electrometer was grounded, so
the electrometer must directly assume the local potential of the carbon rod. ... First, I
confirmed that the introduction of the rod did not significantly change the potential
difference between the arc electrodes (iron, platinum, and graphite). . .. One could move
the rod along the length of the arc without finding much change of the potential of about
36 Volts. Therefore, the potential in the carbon arc has two drops [at anode and
cathode], and the resistance of the arc appears very small... The results are the same
when a small platinum rod is immersed in the arc, except, unfortunately, the platinum
melts quickly. ([62] pp. 628-629)

Near the end of the nineteenth century, several researchers investigated arcs
with the goal to develop arc lamps for general illumination. The carbon arc was
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already well established for special purposes, such as light sources in lighthouses.
However, there was the need for adjusting mechanisms compensating for gra-
phite electrode erosion, and thus a better lamp was still to be developed.
Discharges with mercury electrodes seemed to be a promising alternative.

At the Physical Institute of the University of Berlin, in Berlin, Germany, Leo
Arons experimented with specially formed glass tubes that could be evacuated
and partially filled with mercury or amalgams (mercury alloys with metals such
as K, Ag, Sn, and Cd). In his publication of 1896 [72], Arons reported about the
potential distribution in an arc. Using platinum probes and the method of
adjustable electrode distance he found that the mercury arc of 6.5 A current
has a cathode fall of only 5.4 V and a drop in the arc column of only 0.67 V/cm.
With today’s knowledge we have to realize that he did not account for the sheath
of his probe, which accounts for an error of several volts in the determination of
the cathode fall. The discharge lamps or tubes are also characterized by a
substantial anode drop, which enhances anode heating and evaporation, affect-
ing Hg pressure and thus all plasma parameters.

2.4 Cathodic Arcs in the Twentieth Century

2.4.1 Around the Year 1905: Einstein, Weintraub, Stark, and Child

The year 1905 was extraordinarily fruitful for physics. Albert Einstein (1879-1955)
made three seminal contributions, one on Brownian Motion [73], one on the
Special Theory of Relativity [74, 75], and one on light quanta (photo-electric
effect) [76]. For the last he was awarded the Nobel Prize in 1922 for the year
1921. Einstein’s work, although not directly related to discharge physics, had a
profound effect on all physical sciences, including those related to plasma, thin
film, and solid-state physics.

The period around 1905 saw also a surge in interest for a deeper under-
standing of discharges, and especially arcs. Stark and co-workers [77] mentioned
23 papers on arc physics for the years 1904 and 1905 alone. The surge was
perhaps triggered by the discovery of the electron, interpretation of the Edison
effect as electron emission, and understanding of gas ionization by accelerated
electrons. In the years 1903—-1905, E. Weintraub, Johannes Stark (1874—1957),
and Clement Dexter Child (1898-1933) published notable contributions to
cathodic arc physics.

In 1900, General Electric’s management decided to establish a new research
laboratory in Schenectady, NY [78]. The General Electric Company (GE) was
formed in 1892, following a merger between Edison General Electric with the
Thomson-Houston Company. The company had its roots in Thomas Edison’s
invention of the high-resistance incandescent lamp, but GE was not just a
manufacturer of light bulbs. Its activities encompassed electromechanical systems
including the generation and distribution of electric power. Dr. E. Weintraub
worked at GE’s research laboratory on the development of mercury arc
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lamps and rectifiers, both of tremendous value to the rapidly growing electrical
industry.

Stark, a physics professor at the University of Gottingen, Germany, predicted
in 1902 the Doppler effect in ion beams (“canal rays”). His major contribution to
physics was the discovery of the influence of strong electric fields on spectral
lines (Stark effect), for which he won the Nobel Prize in 1919. Later in his career
he became an outspoken proponent of “Aryan Physics,” supporting nationalist
conservative politics [79].

Child was a professor at Colgate University (1898—1933) in Hamilton, NY.
Experiments reported in 1905 were mainly made at the Physical Laboratory of
Cornell University, where he had taught some years earlier (1893—-1897). Child’s
most important work was still to come, namely his investigations on thermionic
electron emission from hot CaO [80]. He solved the Poisson equation and
discovered current limitation by space charge (today known as Child’s law; for
derivation and discussion, see [81]).

The Mercury Arc in Vacuum

Building on numerous investigations of mercury discharges in air and in glass tubes
at low pressure, the arc discharge was once more considered for lighting purposes at
the beginning of the twentieth century. It was realized that the arc in mercury vapor
appeared very different depending on the electrode polarity or direction of current
and therefore it could also be used as a rectifier for AC currents.

At GE, Weintraub [82] made detailed investigations on mercury arcs using
discharge tubes such as shown in Figure 2.20. He found a number of important
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Fig. 2.20. Discharge tube used by Weintraub for cathodic arc experiments. (From [82])
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features of cathodic arcs that today are considered well known or obvious. He
clearly recognized the role of the cathode:

In order that an arc should start between two mercury electrodes, placed inside a highly
evacuated space, and connected to a source of moderate voltage (magnitude of a few
100 volts), the cathode must first be rendered active, and we will interpret this in light of
the ionic theory by assuming that an ionization process must be started at the surface of
the cathode in order to allow the passage of an arc through metallic vapours. The anode
behaves differently and receives the arc, the ionization process once started at the
cathode, without any difficulty. (p. 98 of [82])

The [arc] discharge is characterized by a relative low voltage across the terminals, by a
high current, and by higher temperature of the anode in comparison with the cathode. ..
in common with all the arcs, the voltage across the mercury arc varies only little with the
current. (p. 105 of [82])

The arc around the anode is quiet and steady, while on the surface of the cathode there is
a small bright spot which is constantly wandering about that surface. The fundamental
importance of the cathode in the process of starting that arc leads one naturally to the
conclusion that the production of ions takes place at the cathode surface. ..

... The properties of the arc are independent of the nature of the anode, whether this
may be made of iron, graphite, silicon, or mercury itself. In the case of iron and graphite,
a slight disintegration of the anodes takes place; but this is exceedingly small, so it takes
days to notice any black deposit on the glass; and it is obviously a secondary phenom-
enon, due to volatilization of the material of the anode in vacuum in consequence of the
high temperature of the anode. ([82] p. 109)

In the last sentences, although dismissed as ineffective, one may detect the
seed for the ideas of two technological approaches using hot anodes: (i) the
“anodic arc” [83], in which evaporated anode material is the plasma feedstock
material, and (ii) the “hot refractory anode vacuum arc,” where cathode material
is re-evaporated from a hot anode [84].

Major points of discussion were the issue of the arc attachment area and its
temperature (a discussion that goes on until today, see Chapter 3). Stark used
spectroscopy and showed that it is possible that the arc spot has a very high
temperature while the bulk of the cathode liquid remains relatively cold.

...to the eye, the cathode current basis is a yellow to white glowing spot which moves
erratically on the cathode surface. If one brings the entrance slit of a powerful spectro-
graph close to the surface, the main lines of the Hg spectrum can be recognized;
however, if the glowing basis moves in its irregular motion in front of the slit, a
continuum spectrum shoots through the line spectrum,. ... We can conclude that the
basis of the arc has the temperature of yellow to white thermal glow. ([85] pp. 750-751)

From Mercury to Cathodic Arcs of Other Materials

In the previously described experiments, Weintraub [82] identified the cathode of a
mercury arc as the electrode on whose surface ionization occurs in a small,
wandering spot. Weintraub asked himself what would happen if he reversed the
polarity of his arrangement, making the solid anode of graphite, iron, etc., the
cathode. First, he could not ignite the arc on solid cathodes but soon he figured out
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The simplest way to make a cathode active is that used in all arcs, i.e. separating the two
electrodes after having brought them into contact. This is realized in the following
experiment. In a vertical carefully-exhausted glass tube there is a mass of mercury at the
bottom and a rod of graphite suspended from a platinum wire, and reaching within a
short distance from the mass of mercury at the bottom of the tube. The graphite rod is
connected to the negative, the mass of mercury to the positive terminal of the source. By
shaking the tube it is easy to bring the mercury and the graphite rod into contact and
separate them again, whereupon the arc starts with a graphite cathode. ([82] p. 111)

Cathode erosion, the precondition for cathodic deposition, is observed after
the arc has started:

There is a wide hot spot, wandering about the surface of the cathode, just as there was a
bright spot on the surface of the mercury cathode. Rapid disintegration of the cathode
takes place from the very beginning, and a deposit of carbon forms all over the walls of
the tube and the surface of mercury. This disintegration goes on as long as the arc lasts,
and takes place whatever the material of the cathode (graphite, iron, etc.). The cathode
is, therefore, the electrode which disintegrates in the arc. This mechanical disintegration
is probably intimately connected with the ionization which takes place on the
surface. ... ([82] p. 111)

Child confirmed Weintraub’s observation on the role of anode and cathode:

A series of experiments was also tried using graphite as one of the terminals and for the
other one of the following metals — platinum, iron, nickel, copper, silver, aluminum,
antimony, zinc, lead, cadmium, bismuth and tin. It was found that in all cases when the
graphite was negative the behavior of the arc was much the same as when both terminals
were graphite. In other words, with a pressure of less than 1 mm, the character of the
anode has little or no effect on the arc. On the other hand at this pressure the character of
the cathode had a very great effect on the arc. ([86] p. 370)

Chopping Current

The arc discharge was often characterized, or even defined, as a discharge of
relatively high current. What does that mean? How low could one go in current
and still speak of an arc discharge? Weintraub observed that the value of the
“impressed” (open-circuit) voltage is crucial for arc stability, and that a resistor
in series can greatly stabilize the arc. (Often, a large portion of the open-circuit
voltage is actually dropping across the stabilizing resistor when the arc is burn-
ing, but shifts to the arc load when the arc becomes unstable). Investigating a
mercury arc for potential illumination purposes, Weintraub writes in 1903

First, as in any other arc, there must always be a certain amount of steadying resistance
in series with the lamp. Second, again in common with all other arcs, for any given
impressed voltage there is a certain lower limit of current below which the arc is not
stable. With 100 volts applied to a tube consuming about 80 this low limit is in the
neighborhood of 3 amperes. If, however, the 250 volts are impressed, the lamp will run
steadily with much lower current. . .. The explanation is to be looked for in the proper-
ties of the cathode. The supply of ions coming from the cathode, one must assume that
the ionization process to be stable requires at each voltage a certain current, and dies out
when the current is lowered below a certain limit.... When the current in the arc is
reduced below that critical value, the lamp suddenly goes out after a certain interval of
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time, no gradual change in the potential drop across the lamp is observed. This
phenomenon points to the existence of a cause which ceases to act in a discontinuous
way. ([82] p. 108, 109)

With these words Weintraub anticipated the much-later developed model of
explosive emission. However, Weintraub was still far from understanding. The
“supply of ions” was not just a supply of ions in today’s meaning. Weintraub
considered also negative “ions” as charge carriers produced at the cathode; he
did not yet distinguish between ions and electrons. J.J. Thomson had discovered
the electron a few years earlier [68] (Nobel Prize 1906), and it is understandable
that the electron concept was not yet widely used in 1903. However, Weintraub
noticed that “the amount of matter carrying the current is a very small part of
that required by Faraday’s law.” (p. 112 of [82])

Using a 100-V circuit and limiting the arc current to 10 A, Child checked for the
possibility to burn a stable arc with various cathode materials [86]. He found that the
more noble metals were not suited to operate a stable arc, while some burn easily.
This is further considered in Role of Oxides on Cathodes (later in this Chapter).

The chopping effect has been associated with a minimum amount of plasma
that needs to be generated, facilitating ignition of the next emission centers, as
further discussed in Chapter 3.

Spot Steering

Evacuated glass discharge tubes with mercury electrodes were convenient
objects for arc research, and therefore it is not surprising that also the effect of
magnetic fields has been explored using such tubes. In a 1904 publication,
Weintraub reports

The action of the magnetic field on the arc has also been investigated. It is very peculiar
and not easily accounted for.. .. The field and arc being both horizontal and perpendi-
cular to each other, the arc is deflected up or downward, according to the common rule
of the action of a magnetic field on a current. The deflexion downward is accompanied
by a motion of the bright cathode-spot along the surface of the cathode in the direction
of the cathode. ... Changing the direction if the field changes of course the direction in
which the arc is deflected, as well as that in which the cathode move....If the arc is
vertical and the field is horizontal, the deflexion of the arc and that of the spot are in
opposite directions. ([82] p. 114)

As many researchers after him, Weintraub could not give a convincing answer
about the reason for this spot behavior. He only remarks that

It is interesting to note that the action of the field on the cathode-spot can be in most
cases formally accounted for by assuming that the positive current elements leave the
cathode surface in a direction perpendicular to that surface.

Similar observations were made by Stark in 1903:

The cathode is not uniformly covered with light, instead, there is an intensely glowing
light tuft. .. the electric current transfers at the basis of the light tuft from the liquid to
the vaporized metal. The glowing anode layer and positive light column of the mercury
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arc is deflected in a transverse magnetic field, the same way as an ordinary, current-
carrying conductor. The upper part of the light tuft on the cathode is also deflected in
that direction; its root, however, is displaced in the opposite direction until it reaches the
glass wall, where it digs itself into the liquid. ... ([87] p. 442)

Arc Voltage

In his 1905 work “The Electric Arc in Vacuum,” Child [86] investigated a carbon
arc at various pressures down to 20 mTorr. For pressures below 1 Torr (at the
time commonly labeled as “mm Hg” or short “mm™), he observed “a bright spot
on the cathode from which particles were driven off in straight lines so that it
appeared as if the current was proceeding from that point” (p. 365 [86]). The
“particles driven off” are most likely hot, glowing macroparticles, which can
easily be observed for carbon cathodes. Child further observes “at a pressure
0.4 mm, the current was varied from 6 to 25 amperes without producing any
apparent effect on the potential difference” (p. 366 [86]). Many years later, this
observation was associated with spot splitting: as the current increases, the
number of parallel-operating emission centers increases (Chapter 3).

Weintraub [82] and Child [86] made careful measurements of the arc burning
voltage, which they found to be about 20V at low pressure (“vacuum”) and
about 10-15V higher when the pressure was increased (up to atmospheric
pressure). Child even states that “the drop in potential at the cathode is a
function both of the melting point and of the thermal conductivity of the
metal” (p. 372 [86]). This could be considered as a precursor of the empirical
“Cohesive Energy Rule” (Chapter 3).

Measurements of the voltage were difficult due to fluctuations:

The arc was then tried between iron terminals in hydrogen, but there was very great
irregularity. ... At lower pressures the total potential difference was somewhat smal-
ler but the ends of the arc were continually moving from one place to another on
the electrode, and the reading of the voltmeter continually showed large variations.
It was evident that no measurements would be of value until all oxide was removed
from the electrodes, and it is necessary to postpone this work for the present. ([86]
p. 374)

Probes, Potential Distribution, and Sheaths

The history of plasma probes is far beyond the scope of this chapter, and thus
just a few points shall be mentioned. The theory of probes is rightfully associated
with the work of Nobel Prize winner Irving Langmuir (1881-1957) and co-
workers [88, 89, 90]. However, probes have been used in plasmas long before
Langmuir’s theories, though without appreciation of the sheath that surrounds
a probe making its potential different from the local plasma potential. Still,
probes are simple and can provide a direct indication of the potential
distribution.
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Fig. 2.21. Double probe diagnostic of the arc plasma by Child. (From [91])

Weintraub describes in 1904

By inserting two platinum wires in the [mercury] arc and measuring the potential drop
between each of the electrodes and the platinum wire, as well as that between the
platinum one finds that the drop at the cathode amounts to about 5 volts, at the iron
or graphite anode about 1 volts, and at the mercury anode 8 volts. ([82] p. 106)

Child [91] also used the by-then well-established technique of electrical
probes. He inserted two platinum wires into the arc and applied “an electro-
motive force of 4 volts” through a “galvanometer of 75 ohms resistance” (Figure
2.21) In essence, he was already using a double probe, although full and correct
interpretation of measured data came only later with the work of Irving
Langmuir.

Stark used platinum wires and clever, adjustable electrode arrangements to
determine the potential distribution and electrode falls (Figure 2.22). Among his
conclusions was that the cathode fall does not depend on the arc current
(measured in the range 2-55 A) and that “an increase of the current merely
implies an increase of the current basis [15]” (p. 216, [77]).

Plasma Transport Along Magnetic Field Lines

Child observed plasma transport along magnetic field lines, an effect that was
used decades later in macroparticle filters. Child reported that

When a magnetic field was produced about the arc at a pressure of 0.7 mm or less, the
gas in all parts became more luminous than before, and a bright stream appeared to run
from the arc along the lines of force toward the magnet. . .. ([86] pp. 366-367)
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Fig. 2.22. Discharge tube used by Stark, “G” is the grounded electrode, and “S” is the
probe (“Sonde” in German). (From [77])

Arc Modes

In the summer 1901, Gustav Granqvist of the Physical Institute in Upsala (now
Uppsala, Sweden) investigated the influence of thermal conductivity of electro-
des on arc phenomena at the Politechnikum in Ziirich, Switzerland [92]. He chose
two extreme cases, carbon and copper, and found that the arc behaves quite
differently in terms of stability, which can be associated with different arc
modes, thereby confirming earlier observations by Zuchristan [93]. By calori-
metric measurements he found that about 42% of the energy supplied ends up in
the anode, 37% in the cathode, and the rest must have been radiated by the gas
(i.e., plasma). Such data were later often used when designing cooling systems
for arc devices.

Child reported an arc mode transition observed with carbon electrodes. At
relatively high pressure, the arc can operate in the thermionic mode, while at
lower pressure the arc switches to the cathodic arc mode because the ion
bombardment heating becomes insufficient. In contrast to thermionic arcs,
cathodic arcs are characterized by rapid fluctuations of arc parameters (for
more on arc modes, see Chapter 3). Child writes

...1it seemed well to secure lower pressure than those previously used. ... At 0.1 mm the
potential difference about the arc was continually varying, so that is was impossible to
make accurate measurements. The voltage would gradually increase from 20 to 30 or
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35 volts and would then suddenly decrease to less than 20. With this gradual increase in
voltage the gas in the tube became more and more luminous, becoming suddenly less
luminous when the voltage dropped to the lower value. This tendency to fluctuate
became more noticeable as the pressure of the gas was diminished. ([86] p. 368)

Using hydrogen as a filling gas and a circuit with 500 V, Child distinguished
three different discharge forms, which in today’s nomenclature one would
designate as glow discharge, cathodic arc, and thermionic arc.

The first two forms of the arc were quite unstable and were liable to break down into the
third form. Apparently they required comparatively low temperature of the electrodes
and of the gas. ([86] p. 373)

Role of Oxides on Cathodes

In many studies, made decades later, the role of surface conditions on electron
emission and spot ignition was demonstrated, eventually leading to the intro-
duction of type 1 spots (on oxidized or “poisoned” surfaces) and type 2 spots (on
metallically clean surfaces). Iron and copper form oxides on their surface, while
carbon does not. Child states that

It has been pointed out by Stark that oxide on the metal causes an arc to pass with
greater ease [94]. This, no doubt, is the cause of some of these phenomena. When the air
is first pumped out the arc can be maintained without great difficulty, but after the oxide
on the surface of the metal is reduced this can not be done, so that measurements on the
arc between metals in a vacuum are of little value, so long as the surface of the metal and
the constitution of the surrounding gas are varying. The behavior of the arc with the
metals and with graphite are thus seen to be radically different. . .. ([86] p. 369)

Since metals have different affinity to form oxides there are great differences
between them, and those differences are amplified by the different vapor pres-
sures that also play a role. Child continues

... When the graphite was positive it was very difficult to secure an arc with some of the
metals and very easy with others. Thus on a 100-volt circuit it was impossible to
maintain an arc with platinum, iron, silver, and copper or nickel, and very easy with
aluminum, antimony, zinc, lead, cadmium, bismuth, and tin. ([86] p. 370)

It should be mentioned that the arc circuit was limited to 10 A, which is
relatively low for an arc; hence arc chopping occurs (see Chopping Current).
Cathode Erosion, Gettering Effect, and Coatings
The affinity of some metals to getter gas molecules was much later used in getter
pumps, but observations related to the arc getter pump were already made:

The vacuum improved on producing the arc. Thus at one time the pressure decreased
from 0.4 mm to less than 0.01 mm without any air being pumped out. ([86] p. 368)

The eroded cathode material must have been deposited and reacted with the
residual gas. Child reports also explicitly on coatings formed. Working with
carbon electrodes, he states that
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“The tube became coated after a time with carbon, so that it was impossible to see the
gaseous part of the arc” (p. 368). Using iron, he continues, “with iron in a vacuum the
phenomena were much the same as with copper. ... On the cathode were many bright
spots instead of one as with graphite. ... A deposit was quickly formed on the tube with
the metals, so that after the arc had been running a few seconds, it was impossible to see
what was happening in the gaseous part of the arc.” (p. 369)

The erosion of the material from the cathode surface exposed clean bulk
metal:

after removing the metals any oxide on their surface was found to be reduced, the copper
having the usual color of clean copper and the iron being white, appearing much like tin.

Cathode spots were identified as the source of the deposited material:

The platinum was brought to red heat by being made the anode, it could then be used as
the cathode and the arc maintained for several seconds. . . there were many bright points
on the platinum. The platinum was apparently vaporized and sparks [macroparticles]
were driven off from it, so it lost much in weight. ([86] p. 370)

2.4.2 The Decades Until WWII

By the 1920s, cathodic arcs were widely used in mercury vapor lamps and arc
rectifiers [95, 96]. Most technical research focused on improving these devices.

After the surge of activity at the beginning of the century, interest remained
high but progress was slow due to the all-too-familiar difficulties of arc spot
phenomena: unstable appearance, fast fluctuations, and small spot size.
Though, physics made great progress in other fields, such as quantum mechanics
and instrumentation, which eventually would open the door for the next great
steps in arc physics. Among the leading researchers in related fields were Clem-
ent Dexter Child and Irving Langmuir (both of whom we met before), Owen
Willians Richardson (1879-1959, Nobel Prize 1928), and Saul Dushman
(1883-1954).

These names are closely related to the understanding of electron emission,
space-charge limitation, and sheath formation [80, 88, 89, 90, 97, 98, 99, 100].
Much has been written about these topics (see Redhead’s review [69]), and
therefore we can here move on to remarks that are more arc specific.

Walter Schottky (1886-1976), a German physicist who later became well
known for the Schottky effect and the pioneering work on p/n junctions,
described in 1923 the enhancement of the electric field at cathode surface
irregularities [101].

In a few publications of the late 1930s, the role of surface contaminants, and
especially oxide films, was clearly established. M.J. Dryvesteyn (1901-1995),
who worked for Philip’s Gloeilampenfabrieken in Eindhoven, The Netherlands,
and who was already well known for the electron distribution function named
after him, considered the role of oxides on copper cathodes and concluded that
an insulating layer must be charged until it breaks down electrically, igniting an
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arc spot. He speculated that “it may be that the breakdown of the insulator
causes the wandering of the cathode spot of an arc in some cases” [102].

A couple of years later, Suits and Hocker of the General Electric Company,
Schenectady, reported that an arc on copper is only stable when an oxide layer is
involved [103]. In the same year, James D. Cobine, who published in 1941 his
classic textbook on gas plasma physics [104], was working in 1938 at the Harvard
Graduate School of Engineering in Cambridge, MA. He investigated low-cur-
rent arcs and found that “the discharge is influenced markedly by the conditions
of the copper cathode” and that arc conditioning of the cathode surface occurs
within seconds. Checking with other cathode materials (Cd, Fe, Al, and Zn) he
found similar behavior and he concluded that “the random variation is quite
probably due to the variation in impurities at the cathode which influences the
mechanisms of arc reignition...” [105]. This was actually not new: it was a
generation earlier described by Child [86] and Stark [94], as mentioned before.
This is an example that many discoveries were made several times and remained
only permanently in the community’s consciousness when there was a technical
application or deeper scientific implication.

With quantum mechanics firmly established in physics, Nottingham revisited
the issue of energy balance for thermionic emission and discovered that electron
emission does not always lead to cooling but may be a source of additional
cathode heating (Nottingham effect) [106].

2.4.3 Secret Work During WWII

Cathodic arc plasmas of uranium were considered for the isotope separation
task in the Manhattan Project. Not much is known due to the classified nature of
the work. However, from now-declassified reports one can learn that various
sources of uranium ions were investigated, including cathodic arcs and thermio-
nic arcs in uranium vapor. In the report “The ‘Isotron” method of separating
tuballoy isotopes,” H.D. Smyth and R.R. Wilson (Robert Rathbun Wilson,
1915-2000) described that “tuballoy” ions can be extracted from plasma using
a modulated extraction voltage, which leads to bunching of the beam [107].
Mass separation can be accomplished through phased deflection of bunches.
“Tuballoy” was the code word for uranium. In the introduction to the report it is
pointed out that “for the purpose of secrecy we have now coined the deliberately
meaningless word ‘Isotron’ as the name of the device.” Wilson, who became later
director of Fermilab, was the inventor of the ion beam bunching principle, which
in many respects is a predecessor to the successful time-of-flight mass spectro-
meter developed by Ian Brown at Berkeley’s vacuum arc ion facility [108, 109].
Theoretical contributions were also delivered by Richard P. Feynman (Nobel
Prize 1965). The reports were directed to Ernest O. Lawrence (1901-1958, Nobel
Prize 1938), founder of what are now Lawrence Berkeley and Lawrence Liver-
more National Laboratories.
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The cold cathode ion source, however, gave some headaches to the researchers.
They report

The essential principle was to strike an arc in vacuum between two electrodes one of
which at least was made of tuballoy and then draw ions out of the plasma of the arc. It
was found that simple arcs between two electrodes were very unstable and difficult to
keep in place. A great many attempts were made to keep the arc confined within some
refractory metal. However, at arc temperature tuballoy vapor attacked every material
that was tried. As the problem of material was being met by those working on hot
cathode arcs, the work on cold cathode arcs was discontinued. ([107] p. 1)

The hot cathode arc refers to work using a thermionic arc in uranium vapor,
which ultimately was also abandoned in 1943.

2.4.4 The Quest for the “Correct” Current Density and Cathode Model

The non-stationary nature of the cathode spot made it difficult to carefully
measure the size of the spot, which is assumed to give the cross-section area
for current transfer between cathode and plasma. Besides the technical diffi-
culty, there is a conceptual issue. The generally accepted paradigm said that
current is transferred through the area occupied by the spot, and that a char-
acteristic current density can be assigned to the spot. As discussed in Chapter 3,
the explosive nature and fragment structure negate these assumptions, ulti-
mately leading to a fractal model for the cathode spot. Nevertheless, the search
for the average current density value was of great importance to the development
of cathodic arc theory.

At the beginning of the twentieth century, values for the current density were
generally estimated to be a few 10° A/m? [85]. In 1922, using a mirror camera,
Giinterschulze [110] projected an enlarged image of the spot on a photographic
plate. Assuming the width of the streak is the characteristic current-carrying
spot diameter, he determined that the current density is about 4 x 10® A/m?. This
value was widely accepted for the next three decades. Measurements by Tonks in
1935 [111] using a moving film camera gave slightly higher values but essentially
supported Giinterschulze’s findings.

In the years after WWII, James Dillon Cobine and C.J. Gallagher [112],
working for the General Electric Company in Schenectady, NY, utilized the
feature that a spot can be driven or steered by a tangential magnetic field
(tangential refers to a direction parallel to the cathode surface). In this way,
apparent broadening of the spot due to random motion or splitting is suppressed.
Additionally, they decided to use a very small current of only 2.6 A to avoid spot
splitting and operation of multiple spots. Using microscopic imaging and a
photocell, they found much higher current density of up to 2 x 10° A/m? for the
arc spot operating in atmospheric air and at a pressure of a few Pascal on Hg, Al,
W, and Cu cathodes. In 1948, Erwin Schmidt of the Siemens-Schuckertwerke AG
in Berlin [113] studied arc cathode spot motion on mercury with a fast framing
camera. He concluded that spot motion follows a random walk model in the
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absence of a magnetic field, with the individual steps of motion taking 40 ps or
less, i.e., shorter than the resolution of his camera.

Almost simultaneously, K.D. Froome [114] of the National Physical Labora-
tory, Teddington, Middlesex, UK, used high-magnification imaging and a fast
Kerr-shutter to obtain “instantaneous” pictures of the spot, with the exposure
time between 0.1 and 6 ps. Froome identified that the spot has a structure, like a
bundle of smaller spots. Assuming that the luminous plasma is indicative of
current transport, he concluded that each emitting site carries about 1 A with a
current density of between 2 x 10'” and 10'" A/m?. These values were unexpect-
edly high and were disputed for many years. In a rebuttal to a publication by
Bertele [115], who proposed that the current density is a function of time after
spot ignition, Froome emphasized that any measurements with low temporal
resolution are “widely in error” and that

the bright, erratically moving spot is actually a relatively slow-moving envelope contain-
ing several minute emitting areas each carrying a current of the order of 1 A. When the
arc current exceeds 5-30 A two or more such groups are formed, and so on for
increasing current. ([116] p. 91)

With this description, he essentially laid the groundwork for a fractal spot
model. Bertele, however, had also a point in stressing the temporal variation of
the spot, which indeed will lead us to a fractal spot model in the time domain,
and not just in space.

The idea of using higher magnification and faster voltage pulses was pursued by
Walter P. Dyke and J.K. Trolan of the Linfield College, McMinnville, OR. They
experimented with carefully prepared Mueller projection tubes [117]. The dis-
played field emission patterns suggested that current densities of 10''-10'* A/m?
necessarily lead to the explosive destruction of the field emission center [118]. Their
discovery was the beginning of a new area in the field of electrical vacuum break-
down and explosive electrode processes.

The realization of very high current densities was also recognized by Igor
Greogevitch Kesaev who worked in the late 1950s on “cold cathode arcs” at the
Gas Discharge Apparatus Laboratory of the Lenin All-Union Electrical Engi-
neering Institute in Moscow, Soviet Union. Kesaev made a number of observa-
tions and careful measurements, which he summarized as Report No. 67 of the
Institute in 1961. An English translation of this work became available in 1964
[119]. Although he focused on mercury arcs due to their industrial relevance as
high-current rectifiers, his research included other cathode materials as well.
One of his many contributions was the confirmation of a spot sub-structure,
which he called cells. He confirmed the notion that the cathodic arc spot is a
location where current density is unevenly distributed with peaks in spot cells
reaching about 10'" A/m?. He stressed that the increase of measured current
density values is directly related to the improvement of experimental technology
rather than a physics phenomenon. He suspected that future improvements may
uncover even higher peak values in current density, with important implications
for the theoretical modeling of spot operation and electron emission mechanism.
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His interpretations, later further developed in a Russian-only published book
[120], became paradigms for a whole generation of Soviet physicists and engi-
neers dealing with cathodic arcs. This is of importance because cathodic arc
deposition technology was originally developed in the Soviet Union in the 1960s
and 1970s, sponsored by the Soviet Government, as further discussed below.

Until the middle of the twenticth century, the luminous appearance of the
spot was identified with the current-carrying area [121] although much later it
was made clear that light emission and current transfer are not identical but
correlated at best [122, 123].

As electron microscopes became widely available, arc traces on cathode spots
were thoroughly investigated, and a new approach to determining current
density was found [124]. Craters were understood to be the relics of spot activity;
they are witnesses of explosive events. Each crater could be assumed to be
associated with a spot cell, fragment, or emission site. The current density can
be determined by assuming that the crater area was the actual current-carrying
area, provided one has information on the number of emission sites that were
simultaneously active. With this approach, even higher current densities of up to
10'? A/m? have been determined by Burkhard Jiittner [125] of Berlin, East
Germany, and others in the 1970s and 1980s.

With the concept of explosive electron emission in the 1970s and 1980s
developed by Gennady A. Mesyats and co-workers including (but not limited
to) Sergey P. Bugaev, E.A. Litvinov, and Dmitry I. Proskurovskii [126, 127,
128], the observation of very high current densities was related to the non-
stationary nature of electron emission coupled to cathode phase transitions
from solid to plasma. Taking ignition statistics into account, the current density
shows self-similarity [129] and has fractal properties in the spatial and temporal
domains [130].

2.4.5 Ion Velocities: Values and Acceleration Mechanism

The early measurements of metal ion velocity in air, using a precursor of a streak
camera [131], indicated that the velocities are very high, exceeding 10* m/s in air
[70]. This suggests that even higher velocities might exist if the plasma was
generated in vacuum because collisions with background gas would not slow
down the metal plasma.

It was popular in the 1920s and 1930s to determine the pressure or force upon
electrodes caused by the arc plasma [132], which might give some clues on ion
velocities. In a 1930 publication, R. Tanberg [133] reported about his 1929
experiments in which he determined that copper ion velocities are greater than
10* m/s. He speculated that there could be an excessively high temperature in the
cathode spot. Tanberg’s work stirred the community and triggered a series of
papers on the subject. E. Kobel [134] acknowledged Tanberg’s earlier publica-
tion and mentioned that he, too, observed similar velocities for mercury in early
1929. Karl T. Compton [135] objected to the excessively high spot temperature



50 2 A Brief History of Cathodic Arc Coating

and pointed out that ions might be attracted to the cathode but not accommo-
dated, thereby contributing to the force on the cathode. Joseph Slepian and R.C.
Mason [136] came to Tanberg’s defense and pointed out that Compton’s argu-
ment is flawed because one should consider the whole cathode region, not just
the surface, and the arguments by Tanberg do apply. Tanberg conceded in a
1931 paper with Berkey [137] that the cathode spot temperature is not as high as
originally claimed, but this did not change the fact that ions of very high velocity
(v > 10* m/s) were found. Lewi Tonks [138] pointed out that not just ions but
also electrons can contribute to the force acting on the cathode, and Randal M.
Robertson [139] essentially confirmed Tanberg’s result by investigating the force
by the arc operating in air and vacuum. By the late 1930s, the astonishingly high
ion velocities were recognized as a property of cathodic arcs in vacuum.

This, of course, immediately raised the question what could possibly cause
such high velocities. One approach was to assume a potential hump in front of
the cathode: the cathode releases neutrals which are likely to be ionized near the
hump of potential. In this way, ions are accelerated away from the cathode or
toward the cathode, depending on which side of the hump the initial ionization
occurred. A potential hump was never measured, and there were doubts because
a purely electrical mechanism would cause the ion energy to be proportional to
the charge state and voltage drop between start and end point of ion motion.
Charge state-resolved velocity measurements were needed.

The 1960 and 1970s were characterized by a number of important improve-
ments of experimental techniques applied to cathodic vacuum arc research.
Milestone papers describing cathodic arc plasmas as energetic with multiple
charge states were published by Kesaev [140], Plyutto and co-workers [141],
Davis and Miller [142], and Lunev and co-workers [143]. The charge state-
resolved data of that time did not give a clear-cut confirmation to the potential
hump hypothesis because ions’ energies were found higher for higher charge
states but the differences were not really proportional to the charge state. That
caused theoreticians to look for other mechanisms, and it was realized that
highly mobile electrons affect ions. In one extreme, one may neglect any possible
potential humps and interpret ion acceleration by the coupling to electrons
(electron—ion “friction”) [144]. Electrons see strong acceleration via the cathode
fall and by the electron pressure gradient. Models have been developed (and are
being improved to this day) which include the self-consistent field and related
electron—ion coupling (e—i friction), ion—ion collisions, and electron—electron
interaction (gradient of electron pressure) [145, 146].

2.4.6 Cathodic Arc Deposition Is Emerging as an Industrial Process

Coatings of Refractory and Transition Metals

Coating by vacuum arcs was observed in the 1950s and 1960s as a byproduct to
the vacuum arc metal refining process. At that time, metal coatings were almost
exclusively deposited using evaporation. Lucas and co-workers [147, 148]



2.4 Cathodic Arcs in the Twentieth Century 51

Mica disk
: Electrode
Glass insulator = / J;::‘;:
Set screw FIC] <t ]
Copper support
High current
feedthrough
\" [->]
Teflon washer || & =5

| 2 Base plat:7 =

{inch
Fig. 2.23. Simple deposition setup for forming films of metals; the lever on the left bottom
was used to manually trigger the arc discharge. (After [147])

realized that the coating can be made from refractory metals, which are very
difficult to evaporate at high rate. They contemplated that the high deposition
rate of the arc process could enable the deposition of superconducting tantalum,
vanadium, and niobium films. These three metals are interesting because their
transition temperature below which superconductivity is observed is higher than
the boiling temperature of liquid helium (4.2 K at one atmosphere). High rates
are needed to minimize impurities from the residual gas. They experimented with
coatings of Ta, Nb, V, and stainless steel, and demonstrated a rate greater than
Snm/s for a sample placed 4 cm from the arc cathode [148] using a very simple
setup with a stationary and a movable electrode (Figure 2.23). The idea of
making superconducting Nb films using the arc process was revived about 50
years later [149, 150].

Coatings of Ferrites

With the broader development of microwave technology in the 1960s there was a
need to develop thick coatings of ferrites for use in electromechanical transducers,
for example. Using a cathodic arc coating process, Naoe and Yamanaka [151, 152]
of the Tokyo Institute of Technology found that the film composition was
approximately equal to the composition of the cathode. Through small adjust-
ments of the cathode composition they were able to make very thick (up to 100 pm)
stoichiometric mixed ferrite films like Nip3Zng;Fe;O4 and (NiggsCugs)
Fe; 0604 with a deposition rate of about 0.4 um/h. One should note that the
ferrite cathode is a semiconductor that can only be used as a cathode when
heated. This issue was solved by bringing the anode rod (molybdenum) in short-
circuit contact and letting the current flow through the cathode before the anode
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was detached to start the actual discharge. This pre-arc heating technique was later
used by others to operate arcs on other semiconductors, such as boron, for example.

From Pump Research to Coatings

The history of broad application of cathodic arc deposition is closely related to
work done in the 1960s by of a group of researchers at the National Science
Center, Kharkov Institute of Physics and Technology (NSC KIPT) [153]. Khar-
kov is a sizeable city in Ukraine, which was part of the Soviet Union at that time.
Researchers at the Plasma Physics Division studied means of obtaining high
vacuum using sorption properties of condensates made by vacuum arcs. In 1964,
Leonid P. Sablev and co-workers succeeded in burning a steady-state vacuum
arc on titanium, and a Soviet Patent was issued in 1966 for a vacuum arc
sorption pump [154].

This pump research was expanded by Anatoliy A. Romanov and Anatoliy A.
Andreev to coating applications, including the synthesis of diamond-like carbon
using graphite as the arc cathode material. Soviet patents were filed [155, 156],
but otherwise the work was kept secret and only published in part years later
[157]. Apart from titanium and graphite, molybdenum was used in reactive
mode to produce molybdenum nitride coatings with microhardness of
32-36 GPa. Although (or rather because!) these results were pioneering and of
great practical importance, the work was not published until years later [158,
159]. Significant improvements of wear performance of diesel engine piston rings
and cutting tools were demonstrated, as explained by Aksenov in his account of
Soviet-area arc coatings history [153].

Hard and Decorative Coatings in the Soviet Union

Understandably, these results caused great interest in the new technology by tool
and machine manufacturers in the Soviet Union. A decision to construct a pilot
commercial facility was reached. Based on outline drawings from the NSC KIPT
group, technical designers of the Malyshev Plant, Kharkov Branch, detailed the
design plans and specifications under supervision by Alexandr A. Ehtingant.
Detailed drawings and specifications as well as the manufactured cathodic arc
sources were delivered to the KIPT group. In 1973, the KIPT group started
collaborating with the Moscow Machine Tool Institute and the All-Union
Research Institute for Tools. Additionally, in joint work with the Tomilin
Diamond Tool Plant, metallization of natural and synthetic diamond was
demonstrated. The KIPT group grew by a number of researchers who should
later become well known for their work on filtered cathodic arcs: Vladimir M.
Khoroshikh, Vladimir E. Strel’nitskij, Ivan I. Aksenov, and Vitaly A. Belous.
The Soviet Union did not have a market economy but was centrally state-
controlled. Therefore, in order to bring the technology to its full potential, high-
level government support was needed. In 1974, the USSR State Committee of
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Science and Technology issued a decree ordering nationwide commercialization
of the technology under the leadership of KIPT, i.e., the Kharkov Institute
where the first steps were made and where most expertise was concentrated.
This decree covered the development and commercialization of arc technology
for the deposition of wear-resistant coatings on tools and machine components,
metallization of diamond, and the synthesis of superhard materials. The decree
had wide-ranging consequences for the development of arc deposition technol-
ogy in the Soviet Union, and with the transfer of the technology to the United
States in 1979 affected the coatings industry in many countries.

Still in 1974, a couple of pilot arc systems, dubbed “Bulat®-2,” were set up by
KIPT at a Kharkov Plant. They represented the first industrial arc coating
machines, typically used for the deposition of titanium nitride. With these
machines, knowledge of arc deposition processing went from an R&D lab to
industry. In the fall of 1974, KIPT was re-organized; Valentin G. Padalka became
the head of the laboratory, and a large material science group under V.V. Kunch-
enko was established. The greater group, funded by the Soviet Decree, expanded
pioneering research in tool coating [160, 161], magnetic spot steering [162, 163,
164, 165], interaction of streaming metal plasma with background gas [158, 166],
transport of plasma streams [165], and synthesis of superhard materials including
tetrahedral amorphous carbon [157, 167, 168, 169, 170, 171, 172, 173].

While these physical measurements and materials development activities were
ongoing, the next generation of cathodic arc sources, Bulat-3, was designed
(Figure 2.24). The first 20 units were manufactured by plants in Kharkov in
1977 and 1978. Mass production of these sources started in 1979 not only in
Kharkov but also in other plants in Tallinn (Estonian Soviet Republic) and Kiev

Fig. 2.24. Bulat-3 cathodic arc source, the “workhorse” of large-scale industrial coatings
in the Soviet Union; one can see the two trigger electrodes and the conical shape of the
cathode, which facilitated spot steering in the axial magnetic field provided by an external
coil. (Photo by the author)

2 The Russian word “Bulat” refers to “damascene steel,” relating to the ancient art of
making hard materials.
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(Ukraine), and later also in Saratov and Novosibirsk. By the late 1980s, a total of
about 4000 cathodic arc coating systems (Bulat-3 and its successor models) were
produced and in operation in many manufacturing plants throughout the Soviet
Union.

From Soviet Union to America

In the United States and elsewhere, the role of vacuum-based coating technology
was recognized and gained rapidly in popularity (however, here we mostly refer to
evaporation and sputter deposition, rather than arc coating). The Society of Vacuum
Coaters (SVC) was founded in 1957, and in 1960 the International Symposia on
Discharges and Electrical Insulation (ISDEIV) started, a biannual series of symposia
dealing with vacuum arcs and arc-based coatings (among the larger topics of
electrical insulation, breakdown, and vacuum-based switching). In 1965, Kikuchi
and co-workers of the Tokyo Institute of Technology pointed out that vacuum arc
deposition might be especially advantageous for the “refractory and hard super-
conducting materials” [174]. Their electron diffraction studies of films deposited at
room temperature showed that the films were “amorphous or composed of very
small crystallites.” At the 1978 Technical Conference of the SVC, 1. Kuznetsov from
the U.S. Vacuum Technology Delegation gave an overview on “Electron Beam
Evaporation Processes in the Soviet Union” [175]. The development of arc sources
outside the Soviet Union was “in the air,” as evidenced by the following:

® Arc spot steering by magnetic fields was patented in 1961 by Harold Wroe in
England [176, 177], although the spot’s retrograde motion was observed much
earlier, e.g., by M. Minorsky in 1928 [178], and extensively discussed in the 1950s
literature (e.g., by Charles Smith [179] and A. E. Robson and A. von Engel [180]).

e Fundamental research on vacuum arc erosion was done by Clive W. Kimblin
at Westinghouse Research Laboratories in Pittsburgh, PA, and by Jaap E.
Daalder at the Eindhoven University of Technology in Eindhoven, The
Netherlands [181].

e A first book dedicated to vacuum arcs was published outside the Soviet
Union by James Lafferty, in 1980 [182].

e Alexander Gilmour and David Lockwood from the State University of New
York at Buffalo reported on pulsed arc plasma generators [183].

e First U.S. patents, describing the principal construction of commercial-
grade (random motion) cathodic arc sources, were granted in 1971 to the
American Alvin Snaper [184].

Attempts were made to bring the latest Soviet technology of magnetically
steered arc sources to the West. In December of 1979, despite much Cold War
secrecy and restrictions, the Bulat-3 arc technology for the deposition of titanium
nitride on tools was licensed to the American company “Noble Field,” which a
little later was renamed Multi-Arc Vacuum Systems. Through the initial work by
Multi-Arc, cathodic arc deposition became well known outside the Soviet Union.
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2.4.7 Large-Scale Industrial Use in the 1980s and 1990s

Even with the first commercial arc sources operating in the United States, the eye
was of course on the vast experience hidden behind the Iron Curtin. At the
1983 SVC conference, H.R. Smith, Jr., of Industrial Vacuum Engineering talked
about “Current Vacuum Coating Processes in the Soviet Union” [185]. Clark
Bergman of Multi-Arc Systems Inc. presented the company’s first contribution
in 1985 entitled “Arc Plasma Physical Vapor Deposition” [186], which was a
useful summary of arc physics and practical steps for coating, including the use
of high negative bias for metal ion etching, as later used and patented in the arc-
bond-sputtering (ABS) process.

A handful of companies, such as Multi-Arc, Vac-Tec Systems, and Hauzer,
made arc evaporation, as it is sometimes called, their core technology for hard
and decorative coatings. In the 1980s, not much detail was reported at technical
meetings (exception [187]), perhaps to protect the proprietary recipes developed
by these companies; however, reviews on arcs physics and coating properties
appeared in the scientific literature [188, 189].

Users critically looked at the economical advantages and the performance,
and macroparticles clearly diminished the value of arc coatings. For example,
Gary Vergason, well familiar with evaporation, sputtering, and (unfiltered)
cathodic arc coatings, concluded that “of the three deposition techniques, sput-
tering offers the widest range of coatings with a high degree of process control
and production repeatability” [190]. The presence of macroparticles is one of the
greatest drawbacks of the large-scale cathodic arc technology until today. Yet
cathodic arc deposition was established for mass production using both batch
and in-line coaters, although the former are clearly in the majority in coating
plants. It is common that large numbers of parts (> 10° annually) are coated in
one plant [191] using rapid cell cycling technology, which includes systems for
automated cleaning and pre-heating. The coatings are usually multifunctional
(corrosion resistant, decorative, etc.) and the parts are mainly supplied to the
automotive and buildings industry (e.g., car headlights, faucets).

Cathodic arc coatings are among the preferred coatings technologies because
they are economical and they allow a greater variety of colors, a very important
factor for consumers. In the 1990s, further improvements to the products were
made by combining traditional, thick electroplated coatings with thinner but
denser and harder coatings. It was reported that decorative coating by arc PVD
on top of electroplated coatings improves the corrosion resistance and enhances
the palette of colors [192]. Interestingly, the reverse order, a plated film on top of
a hard arc PVD coating can also be used, in the case of gold-plated TiN for high-
end decorative produces such as watch wristbands and frames for eyeglasses
[193].

Another interesting use of cathodic arc plasmas is its use for material removal
by metal ion etching, rather than film deposition. In the arc-bond-sputtering (ABS)
technology, introduced in the early 1990s, argon sputter cleaning was replaced
by sputtering using ions from the cathodic arc plasma. The to-be-sputtered parts
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are highly negatively biased (about 1kV) in the cleaning process before being
coated. The metal ion etch improved the adhesion of coating on parts such as
cutting tools [194].

2.4.8 Macroparticle Filtering: Enabling Precision Coating for High-Tech
Applications

To eliminate, or at least reduce, the defects and roughness caused by macro-
particles, magnetic macroparticle filters were considered very early but they were
not broadly introduced to any production due to significant plasma losses,
leading to lower deposition rates, hence lost economical benefits. Clearly, the
application of filters needed to be limited to high-end application where the
quality of the coating is of utmost importance.

Magnetic guiding of plasma from the cathode to the substrate had been
suggested much earlier than is generally known. For example, in a patent filed
in 1937, the Germans Wilhelm Burkhardt and Rudolf Reinecke claimed a
method of coating articles where charged particles of vaporized material (i.e.,
ions of the cathodic arc plasma) are

concentrated in the form of a beam proceeding from the fused material towards the
surface to be coated by a magnetic field produced above the fused material...and
extending towards the surface to be coated. [195]

Apart from such early experiments, one may state that the invention of
macroparticle filtering was a spin-off from thermonuclear fusion research and
not a targeted result of cathodic arc development.

In the 1950s, the Soviet Union and the United States developed sizeable
research programs for thermonuclear fusion of the hydrogen isotopes deuterium
and tritium [196]. One concept was the Tokamak fusion reactor, a toroidal
(doughnut-shaped) plasma machine. By the 1960s, plasma physicists made
detailed investigations of transport and stability of hydrogen plasma and its
heavy-element contaminants in toroidal magnetic confinement. The motion of
pulsed plasma jets, or “plasmoids,” was studied theoretically and experimentally.
For this purpose, quarter and half-torus devices were built. By injecting plasmoids
in curved filters, one attempted to separate the light hydrogen isotopes from the
much heavier contaminations. Figure 2.25, from V.S. Voitsenya et al.’s 1967
publication [197], shows a quarter torus used for the investigation of plasmoid
transport and filter properties. One can easily recognize the similarity with what
became the 90° duct filter used a decade later (Figure 2.26). The work of Ivan
Aksenov and co-workers [198, 199] in Ukraine led to the now-classic 90° filtered
arc system; this group deserves recognition for the pioneering work done in the
field of cathodic arc filtering, including not only the classic 90° filter but also a
number of other filter geometries [200].

The filtered arc source became the core technology for the arc coating
system “Bulat-4” (Figure 2.27). After publishing their approach in the late
1970s and 1980s [198, 201], it took about a decade before several groups in
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Fig. 2.25. Quarter torus plasma guide for the investigation of plasma transport (after
V.S. Voitsenya et al.’s 1967 publication [197]); such setup became the prototype of
cathodic arc macroparticle filters

l

to vacuum
purmp

Fig. 2.26. Classic 90° duct filter introduced by Aksenov and co-workers; the labels have
the following meaning: 1: cathodic arc source, 2: plasma duct; 3: insulator, 4: coils;
5: solenoid, 6: vacuum chamber, 7: insulators, 8: substrate (after Fig. 1 of [198])
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Fig. 2.27. Vacuum chamber with filtered cathodic arc sources (Bulat-4) in the 1970s.
(Photo courtesy of Ivan Aksenov)

the world copied and further developed the concept. For example, Schem-
mel and co-workers at Vac-Tec in Boulder, CO, reported in 1989 that
filtered arc is promising for the high rate deposition of high-quality alumi-
num oxide [202]. Phil Martin and co-workers reported in 1993 on proper-
ties of their filtered arc-deposited films [203], which included carbides,
nitrides, and oxides of optical quality [204, 205]. In the early 1990s, Com-
monwealth Scientific Corporation commercialized in the United States an
arc system with a 45° knee-filter [2006].

The occasional presence of macroparticles and uncertainty in film uniformity
and thickness are issues not acceptable in high-tech applications such as metalliza-
tion of semiconductors and deposition of protective layers on magnetic storage
media and devices. Therefore, further improvements were sought, leading to novel
geometries such as the off-plane double bend (OBDB) filter by Shi Xu, Beng Kang
Tay and co-workers at the Nanyang Technological University, Singapore [207,
208], the S-filter [209] and Twist filter [210] investigated at Berkeley Lab in
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California, Ryabchikov’s Venetian Blind filter [211, 212] in Siberia, and the
modular filter developed by Peter Siemroth and co-workers [213] in Germany.

More information on these filter concepts and geometries can be found in
reviews [214, 215, 216] and in Chapter 7.

2.5 Cathodic Arcs at the Beginning of the Twenty-First Century

2.5.1 Advances in Diagnostics and Modeling of Arc Plasma Processes

Arc spots presented (and still do) a challenge to investigators due to short
duration and very small scale of microexplosions and related plasma gradients.
Fast, high-resolution diagnostics has brought greatly improved insight. Until
the 1990s, fast oscilloscopes provided evidence for short events [128, 217], and
electron microscopy of the erosion traces brought best evidence of small scales
[124, 218, 219]. Fast image-converter cameras became available and enabled
observation of spot dynamics [220, 221] and spot structures, sometimes called
fragments, and elementary processes associated with the apparent spot motion
[222, 223]. Another route to high-resolution diagnostics is via short-pulsed
illumination, e.g., from sub-nanosecond lasers. By tuning the laser wavelength,
the time-dependent density distribution of selected species can be determined,
e.g., the density of free electrons, or the densities of ions and atoms in the ground
state or in specific exited states, by either laser absorption imaging [224, 225] or
interferometry [226].

The conceptual understanding of cathode spot processes is still developing
and closely associated with advances in plasma diagnostics and modeling. Based
on experimental evidence, Mesyats [227, 228] introduced his “ecton” concept,
which essentially postulates that the arc spot processes can be interpreted as a
sequence of elementary microexplosions, each having a quantum-like minimum
action. This approach allowed Mesyats and co-workers to model basic features
of the erosion process and plasma parameters.

Noteworthy is also the concept that spot processes superimpose in random
fashion, and the concept of elementary steps need to be supplemented with a
statistical component, ultimately leading to self-similarity and a rather wide
range of temporal and spatial fluctuations [129], which can be best interpreted
by a fractal model of cathode processes [130].

The transport of plasma in the absence and presence of a magnetic field
was investigated by deposition probes [229], a technique that has been
made much more powerful by using low-cost scanners and imaging soft-
ware [230]. Plasma transport models include the computationally effective
(but not self-consistent) drift model by Shi and co-workers [231] and the
hydrodynamic models by Alterkop and co-workers [232, 233] and Beilis
[234, 235, 236].
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2.5.2 Improvements of Coating Quality and Reproducibility, Enabling High-Tech
Applications

In the last years of the twentieth century, a number of modern developments
expanded the use of cathodic arc technology toward several high-tech applica-
tions, as is evident by the development of macroparticle filters. Additional
work focuses on improvement of the arc trigger mechanisms and tighter
control of arc spot location. The goal is to utilize the highly ionized arc plasma
not just for commodities but for high-end applications by bringing the catho-
dic arc systems to precision levels long known to other coatings techniques
(Figure 2.28). By combining control and reproducibility with the inherent
advantages of cathodic arc technology, such as high deposition rates, high
degree of ionization, and the presence of ions with hyperthermal velocities
(corresponding to energies of many tens of eV), a unique type of coating tools
is emerging.

The high compressive stress exhibited by cathodic arc films can be reduced
in controlled ways by advanced biasing techniques [237]. Inserting film-form-
ing ions at high energy (1 keV or higher) can locally anneal the material and
reduce stress while largely maintaining many other film properties, which is
now well established by experiment as well as by molecular dynamics simula-
tion [238].

Of importance are the development of improved filters, the utilization of the
filtered, fully ionized arc plasma by substrate bias techniques, and the expansion
of the technology from hard and decorative coatings into the fields of ultrathin
films, nanostructures, and biomedical coatings. Advances in computerized con-
trol equipment with fast feedback loops become enabling for precision coatings.

Of special interest is the deposition of tetrahedral amorphous carbon (ta-C),
the most diamond-like material within the family of diamond-like carbon
(DLC) materials. Filtered arc enables the deposition of continuous, extremely

Fig. 2.28. High rate, filtered pulsed arc source developed at the Fraunhofer Institute
IWS, Dresden, Germany. (Photo courtesy of P. Siemroth)
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thin films, down to the nm range, suitable for the protection of magnetic
storage disks and read—write heads [239, 240, 241, 242]. Another example of
unusual precision coatings is the filtered arc metallization of semiconductor
integrated circuits [213, 243].

2.5.3 Cathodic Arcs for Large-Area Coatings

For almost all deposition processes, the question of scaling to large areas needs
to be addressed to reach the economy of scale. The cathodic arc process is
challenging to scale because the source of plasma is the cathode spot, i.e.,
inherently a small area, even at higher current and when using large cathodes.
Plasma expansion is naturally used to improve uniformity but large-area coat-
ings require the spot location to move over large cathode areas. Alternatively, a
number of “point” sources can be used.

Several practical solutions have been found, among them is Vergason’s
concept of switched arcs [244, 245] where the spot travels rapidly in a con-
trolled fashion on cathodes of arbitrarily large size, usually exceeding 1 m in
length. Alternatively, spot motion can be magnetically steered on very elon-
gated cathodes, and by managing the magnetic field strength with computer
control, large-area coatings are possible [246, 247]. Linear filter concepts
have been put forward to accommodate large, essentially linear cathodes
[248, 249]. Using an S-filter of elongated, rectangular cross-section (Figure
2.29), films of optical quality on medium-size glass panes have been demon-
strated [250].

é

Fig. 2.29. In-line coater for the filtered deposition of SnO, on large-area glass substrates
using two rectangular S-filter systems in deposition—up position. (Photo courtesy of Ray
Boxman and Samuel Goldsmith, Tel Aviv University, Tel Aviv, Israel)
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2.5.4 Multilayers and Nanostructures of Multi-component Materials Systems

In recent years, the design of arc coatings has been stimulated by the science and
technology of nanostructures. In the sense of multilayers of nm-thick film
deposition, this was actually already practiced for some years. However, deeper
understanding and high-resolution materials characterization are recent
achievements. Examples of multi-component coatings fabricated by arc (and
sputtering) techniques are (TiCr)N [251], Ti;_ Al N [252, 253], TIC,N_, [254],
and nanolaminates thereof [255]. These structures have unique properties
related to intrinsic stress or/and their nanostructure [256, 257]. Spinodal decom-
position was found as an important formation mechanism of nanocrystals [253].
High toughness materials and material systems that are self-lubricating at high
temperature have been developed, as needed for high-speed cutting tools [258,
259]. New multi-component materials are being explored, sometimes by com-
bining cathodic arc coatings with sputtering (like the CrN/NbN system [260]) or
with plasma-enhanced chemical vapor deposition (e.g., the Zr—Si—N system
[261]). Many papers and books were published recently to describe or review
these developments, see, for example, [262, 263, 264, 265, 266, 267, 268].
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3

The Physics of Cathode Processes

About thirty years ago — I remember it very well — I wondered
about the incompatibility of model ideas and experimental facts.
What does really happen in the cathode arc spot? At that time,
1 imagined the great magma lake of the Halemaumau crater in
Hawaii, with its red-hot, glowing, molten surface, steaming,
boiling, bubbling, gushing, in restless motion, flowing and
whirling, rising and falling, covered by clouds of hot vapours, and
often throwing gigantic, bright fountains of liquid magma,
coupled with ejection of large showers of glowing droplets and
pieces and lumps of magma. — So, similar, as it seemed to me,
must be the surface of an arc spot, if we could observe it in action,
in quite different time and space scales, of course.

Erhard Hantzsche, in his Dyke Award Address, XX ISDEIV,
Tours, France, 2002

The fractal approach is both effective and “natural.” Not only
should it not be resisted, but one ought to wonder how one could
have gone so long without it.

Benoit Mandelbrot, in “The Fractal Geometry of Nature,”
1982

Abstract This chapter is at the heart of the book. It is the longest chapter that
deals with electron emission processes. The basic mechanisms of electron emis-
sion are outlined, including thermionic emission, field emission, their nonlinear
combination, as well as explosive emission. This leads to the non-stationary
emission centers, which are the sources of electrons and plasma. The statistical
nature of emission center ignition, coupled with self-similar features of emission
centers in space and time, lead naturally to a description of cathode spots as a
fractal phenomenon. If taken seriously, the old discussion of the “true” current
density and “true” characteristic time of cathode spots needs to be re-evaluated:
those properties are fractal down to the physical cutoffs, which are generally still
below the resolution limits of the experimental equipment. As a consequence,

A. Anders, Cathodic Arcs, DOI: 10.1007/978-0-387-79108-1_3, 75
© Springer Science+Business Media, LLC 2008
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some new features of cathode phenomena are introduced, such as the existence
of transient holes in the cathode sheath.

3.1 Introduction

Cathode processes are at the heart of cathodic arc plasma production. Cathodic
arc processes have features that are surprising or strange, even for scientists and
engineers familiar with discharges and plasmas. The plasma “root” or “attach-
ment” on the cathode is localized in bright, tiny spots that appear to quickly
move more or less randomly on the cathode surface. In the presence of an
external magnetic field, spot motion appears to be steered in a preferred (close
to the “anti-Amperian,” —jxB) direction. In any case, the cathode material
suffers a transition to dense plasma at these spots, and the dense cathode
plasma expands rapidly into the vacuum or low-pressure gas ambient. The
anode is merely a passive collector of electrons unless its area is very small or it
is thermally isolated or the discharge current is very high. In these cases, anode
spots may appear and/or the anode may evaporate. Because this book focuses
on cathodic arc deposition, these special anode conditions are not much
considered.

The structure and dynamics of cathode spots are still the subject of dis-
cussions and research. The current density plays a central role in many
models because it is critically important for power density distribution
and energy balance, which, in turn, govern all processes of electron emission,
phase transitions, and plasma production. Most, but not all, experts agree
that explosive electron emission and the associated “ecton” model is closest
to reality. An emerging model is the concept of a stochastic fractal
model for the cathode spot, which includes ecton processes as the determin-
ing lower limit of self-similar scaling. The fractal model may be suitable to
describe what Erhard Hantzsche expressed in his Dyke Award Address
(see the quote at the beginning of this chapter). Throughout this and other
chapters, the fractal model approach will be described to the extent known at
this time.

The first question that may arise could be formulated as follows: Why is the
cathode active but the anode passive? This question touches the general role of
cathode and anode in gas discharges. It is clear that electric current in both
cathode and anode is associated with electron motion in the conduction band of
the metals (solid or liquid) that make up cathode and anode. If plasma happens
to be present between cathode and anode, current can flow by motion of free and
mobile charged particles. In the plasma, most of the electric current is carried by
electrons because electron mobility is much higher than the mobility of ions, a
consequence of their very different masses.

The critical places of current continuity are the interfaces between plasma and
metal. Electrons move to the anode and fall there into the anode’s conduction
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band, liberating the potential energy known as the work function (about 4eV
per electron for most metals), which leads to heating of the anode. Current
continuity (Kirchhoff’s law, 1846) is therefore easily accomplished at the anode.
A small anode potential drop usually appears to adjust the arrival rate of
electrons at the anode surface to the right current as required by current
continuity.

In contrast, electrons in the conduction band of the cathode are prevented
from escaping by a potential barrier, the work function of the cathode. Elec-
trons need to be given the work function energy to “free” them from the
cathode. Here is where the nature of the discharge creates special conditions
enabling electrons in the cathode to overcome the potential barrier that keeps
them normally inside the cathode. Depending on the character of those
“special conditions,” we distinguish different electron emission mechanisms,
and they ultimately lead to different forms of electrical discharges. Going
a step further one can define the type of discharge by the electron emission
mechanism.

To understand and appreciate cathodic arc operation, a brief overview of
these “special conditions” leading to electron emission needs to be given. As we
will see, electrons can be emitted by individual events, such as ion impact or by
collective effects affecting all electrons in the cathode, such as high cathode
temperature and/or high electric field on the cathode’s surface. Following pio-
neering work of Hantzsche [1, 2], one can use the distinction between individual
and collective emission processes to define glow and arc discharges in a very
general, physical manner, regardless of phenomenological appearance or abso-
lute values of current and voltage.

The potential distribution between cathode and anode is generically and
schematically shown in Figure 3.1. The voltage is not evenly distributed but

possible potential hump ~ kT
A
A
anode fall burning
voltage
cathode fall
cathode anode

Fig. 3.1. Schematic, generic, one-dimensional presentation of the potential distribution
between cathode and anode; the sheaths are actually very thin and shown not to scale.
One should note that cathode-spot formation, as explained later, requires modeling of a
two or better three-dimensional potential distribution near the cathode surface, not the
simplified one shown here



78 3 The Physics of Cathode Processes

concentrated in the sheaths near the cathode and anode. The potential drop in
the cathode sheath is most significant for the mechanism that liberates electrons
from the cathode. The anode drop, in contrast, can be positive or negative
depending on arc current, anode area, and other factors affecting the electron
current arriving at the anode.

The magnitude of the cathode fallis a “fingerprint” of the cathode mechanism.
The cathode mechanism adjusts the cathode fall (i.c., the voltage drop in cathode
sheath) that is needed to maintain the discharge. In glow discharges, ions coming
from the bulk plasma are accelerated toward the cathode when they enter the
cathode sheath, and thus they arrive at the cathode surface with approximately
the energy (in eV) gained in the cathode fall (expressed in V), if we assume that
they are typically singly charged and did not suffer collisions. The yield of
secondary electron emission is greatly affected by the potential energy of the
impacting ion (potential emission, discussed in greater detail in Chapter 8). The
voltage drop in a glow discharge usually exceeds 300 V and is often in the region
of 400-500V in order to give secondary electrons enough energy to heat plasma
electrons and to cause ionization in the plasma bulk. The cathode fall is self-
adjusting as one can see by the following argument. If electrons do not gain
enough energy in the sheath, the plasma generation will be reduced, the plasma
density starts to drops, and the plasma impedance (complex resistance) increases.
This will cause an increase in the burning voltage, which also means that the
voltage drop in the sheath increases, thereby leading to an increase in secondary
electron energy, which is followed by an increase in plasma density.

Secondary electrons are vital for the operation of glow discharges. In arcs, in
contrast, electrons are not released by individual ion impact but by a collective
mechanism, which can be thermionic (i.c., the cathode is at very high tempera-
ture) or determined by a strong electric field. The hot cathode case leads to
thermionic arcs, which can be stationary. In some situations, a hot cathode is
also subject to a high electric field. Nonlinear amplification of thermionic and
field emission can occur, known as thermo-field emission.

Thermo-field emission can be coupled to a thermal runaway process, namely
when emission is related to energy dissipation and net heating of the cathode,
which in turn can enhance the temperature and associated electron emission.
Locations where this occurs can explosively evaporate, leading to a new form of
electron emission that is inherently non-stationary because the emission location
is changed by the explosion, subsequent plasma expansion, and the increase of
the hot spot area by thermal conduction. This non-stationary form of emission is
called explosive electron emission. The explosive phase requires a minimum
action to be invested, a “quantum” of the explosive process, the so-called
ecton. The ecton phase is generally much shorter than the overall cycle or “life-
time” of an emission center. Ignition of a competing emission center is closely
related to the existence of the current center. The dense plasma provides the
conditions for the ignition while “choking” the already operating emission
center by its limited conductivity. These features will be discussed later in the
chapter.
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Ignition of emission center appears to be a very important element to under-
standing cathodic arcs. Ignition in this sense is not just the triggering of the arc
discharge but the arc’s perpetual mechanism to “stay alive.” The probabilistic
distribution of perpetual ignition of emission centers can be associated with a
fractal spot model [3].

In the remainder of this chapter, electron emission theory will be briefly
described as it is related to arcs, before explosive emission, crater formation,
metal plasma generation, ectons, the fractal features of the cathodic arc spots,
spot types, and arc modes are discussed in greater detail.

3.2 Theory of Collective Electron Emission Processes:
Steady-State Models

3.2.1 Thermionic Emission

The theory of electron emission has been dealt with in many publications and
textbooks. Therefore only the essential results are reproduced here. They are the
foundation for the development of a theory of cathodic arc operation.
Electrons in the conduction band of a metal can be described by the model
of a free electron gas. At the beginning of the twentieth century, Boltzmann
statistics was applied to free electrons (Drude model), and some but not all
properties could be explained. Later it was recognized that electrons, spin Y2
particles, are subject to Fermi—Dirac quantum statistics. The expression

1
= 3.1)

Jr(E,T) = m

is the Fermi distribution function which describes the probability that a state of
energy £ will be occupied in thermal equilibrium at a temperature 7. Figure 3.2

f(E) T=Ts= 1356 K
T=500K

10 7= 100K
\/7:0

05|
0 7 PR, 5 6§ & E(eV)
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Fig. 3.2. Fermi distribution function of electrons in metal at zero and elevated tempera-
tures. This example illustrates the situation for copper: even at the melting temperature,
only a small fraction of electrons is thermally excited and smears out the region around
the Fermi energy, Er (see [4] p. 15)
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illustrates this function using the example Er ~ 7e¢V, which is approximately
applicable to copper. The Fermi energy, Ey, can be defined as the highest energy
of occupied states at temperature 7' = 0; it depends only on the density:

2
Ep= < f )(3n2n)2/ °. (3.2)

2m,

In the above equation, i = h/2n, h is the Planck constant, k is the Boltzmann
constant, and m, is the electron mass. The Fermi distribution implies that only a
small fraction of electrons can acquire energy of order k7 above the Fermi
energy. From Figure 3.2 one can see that even at the boiling temperature of
copper, 7T'=1,356K, most of the electrons are still part of the rectangular
distribution and not influenced by the high temperature. This feature will be
important later when discussing the Nottingham effect.
The expression

dAN(E,T) _4n(2m,)’?  E/

dE n 1 +exp (Eﬁ"r)

(3.3)

is called the Fermi—Dirac distribution and describes the number of electrons
with a kinetic energy in the range (£, E+dE). The shape of the Fermi—Dirac
distribution is shown in Figure 3.3, left. Often, for convenience of energy con-
siderations, the same function is presented with the abscissa and ordinate
exchanged (Figure 3.3, right).

The electrons of the “electron gas” are confined to the solid volume by a
potential barrier, ¢, above the Fermi level (Figure 3.4). ¢ is generally known as
the work function and expressed in eV (electron-volt'). Data on work functions are
available from many experiments [5] and from quantum-mechanical modeling [6].

An intuitively clear picture is to heat the electron gas so that some electrons
will have enough energy to overcome the barrier. The classic condition for
escape would be simply

E: > ¢, (3.4)

where E. = mgv? / 2 is the kinetic energy of an electron in the z-direction, the
direction perpendicular to the surface. The emission current density is

jthermianic = €I’l(E) Vz, (35)

where n(E) is the density of electrons satisfying the condition (3.4). For T=0
obviously no electrons satisfy (3.4). For elevated temperature one can calculate
n(E) by integrating the distribution function from —oo to +oco in the x- and
y-directions and from ¢ to co in the z-direction. Here one can use a convenient
simplification. At elevated temperature, the high-energy tail of the Fermi

! In some context, the barrier is expressed as a potential, with the unit volts; the factor of
proportionality is simply the elementary charge, e.
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Fig. 3.3. Left: The Fermi—Dirac distribution (3.3). At temperature greater than zero,
energy states higher than the Fermi energy are occupied, and some states lower than the
Fermi energy are not occupied. Right: Presentation of the Fermi—Dirac distribution with
abscissa and ordinate exchanged, as it is common for energy considerations. The energy
levels indicated below are electrons not part of the electron gas but bound to a specific
lattice site. The energy level of free electrons outside the solid is indicated by vacuum level
at the very top of the energy scale. The difference ¢ between the Fermi level and the
vacuum level is called the work function, as discussed in the text

distribution (3.1) is dominated by the exponential term, where (E — Ep)>kT,
and the quantum-statistical Fermi distribution can be well approximated by the
classic Boltzmann distribution

f5(E, T) = exp (- £ ;TEF> . (3.6)
The result of the integration, using the Boltzmann distribution, is
fiamione = AT exp (= 2. (3.7)
kT
where
A= dmemck® 1.202 x 10° A/m* K2, (3.8)

h3
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Fig. 3.4. Potential barrier for electrons at the surface of a metal. The barrier is deformed
and its height reduced due to the mirror image field and the applied external electric field.
The reduced barrier height, ¢s, allows more electrons to classically leave the metal at high
temperature (Schottky effect)

Equation (3.7) is the well-known Richardson-Dushman equation for thermio-
nic emission,” and 4 is the universal Richardson constant.

In the above derivation it was assumed that the potential barrier is uniform
throughout the surface, and hence effects of the atomic modulation, crystal-
lographic structure, and direction were neglected. Additionally, the likely pre-
sence of oxide or water layers, adsorbates, and surface defects was not taken into
account. Because of the simplifications, it should not surprise that experimental
values for the constant 4 vary widely. The relation (3.7) has been verified many
times, but usually the data are fitted by adjusting both the work function ¢ and
the Richardson constant 4. Representative data for ¢ and 4 are compiled in
Table B2 (Appendix B).

3.2.2 Field-Enhanced Thermionic Emission

In the previous section, any effects of a possible electric field were not consid-
ered. In practically all cases, however, an electric field is present, namely the field
caused by the emitted electron and external fields. A free electron located at a
distance z from the surface outside the solid causes a rearrangement of electrons
of the electron gas in the solid in such a way that the resulting charge distribution
in the solid looks like a mirror image of the free charge. The free electron and its
“image” experience the Coulomb force

2 Owen Williams Richardson [7], when still a graduate student at Trinity College, made
an almost correct derivation, read before the Cambridge Philosophical Society in 1901,
i.e., at a time before quantum statistics was known. He later published a book on the
subject [8]. Saul Dushman made improvements in the 1920s [9] and wrote a compre-
hensive review [10].
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4meo(22)?
and their interaction potential is
2
e
W= . 3.10
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An external electric field can be written in linear approximation near the surface
since it will slowly vary over the distance of interest. The potential distribution
perpendicular to the surface can hence be written as

e?

V()=

—e€ 11
16meg z o= @10

where the symbol € is used for the external electric field near the surface.’ The
maximum of the potential barrier can be determined by d¥/dz = 0, which gives
the location for the maximum of the potential barrier

0 1/2
ax = 3.12
: <16ngoaz) (3.12)

from the surface. Putting (3.12) in (3.11) results in the maximum height of the

potential barrier
2EN 2
bs =& — <—4MO> , (3.13)

which is illustrated in Figure 3.4. One can interpret this result that the barrier
height is reduced compared to the usual work function, which of course leads to
a higher emission current (Schottky effect). The current density with Schottky
effect can therefore be written as

jthermionic,S(rhonky =4 T2 €Xp <_ ;f_;—) . (3 14)
One needs to note that the correction term (e*€/ 47150)1/ * needs to be small
compared to the work function. If this is not the case, the general expression of
thermo-field emission needs to be applied, as discussed in Section 3.2.4.

Up to now, the emission of electrons has been dealt with classically. Only the
appearance of the Planck constant, 4, in the Richardson constant A4, (3.8),
indicated that quantum effects may be involved. So far, the quantum nature of
the electron gas was mentioned but the emission process was entirely classical
since electrons were given energy to overcome the potential barrier. The situation
changes when the electric field is very strong, which is described in the next section.

3 The symbol € is here used for the electric field to avoid confusion with E, the symbol
for energy.
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3.2.3 Field Emission

At very high field strength, the potential barrier changes its shape to become a
hill of sufficiently small width through which electrons can tunnel quantum-
mechanically (Figure 3.5). Tunneling through the barrier can even occur at
temperature 7= 0. A general approach to calculate the emission current density
is to write

ey J N(E., T)D(E., €) dE., (3.15)
—eVmin

where N(E., T) is the electron supply function that essentially contains the Fermi
distribution (3.1) with the variable E. = m,v? / 2, the kinetic energy of electrons
in the z-direction, which is defined as perpendicular to the surface, and D(E., €)
is the tunneling probability through the potential hump. The integration covers
all electron energies beginning from the lowest energy of electrons of the electron
gas in the metal. To calculate the tunneling probability, one solves Schrodinger’s
wave equation in the three regions: inside the metal, inside the barrier, and
outside the metal and barrier. In the limiting case of low temperature one obtains
the Fowler—Nordheim formula [11]

3 3
. e 5 81/ 2m,
E)=———C€ - 3.16
.]FN( ) 8h (b tz(y) eXp 3eh€ V(y) ) ( )
where
e3¢ 1
= — 3.17
y dnee 0 (3.17)
v 0
vacuum level €=0 z
¢ € moderate
Fermi level %
’ € strong
metal vacuum

Fig. 3.5. Potential barrier at the surface of a metal: at very high electric field strength, its
shape becomes a hill of sufficiently small width through which electrons can tunnel
quantum-mechanically
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and #(y) and v(y) are elliptical functions whose numerical values [12-14] are
given in Table 3.1. A convenient numerical form of (3.16) is

¢ ¢ ()
. _ -6 o 9
Jen(€) = 1.541 x 10 5207 6.831 x 10" — (3.18)
with
y=3.795x%x107° —”f (3.19)

using € in V/m, ¢ ineV, and /., in A/m”. One should note that the function #(y)
has only a marginal influence whereas v(y) greatly affects the calculated current

Table 3.1. Numerical values of elliptical functions
used in Fowler—Nordheim formula

y t(y) Viy)
0.00 1.000 1.000
0.05 1.001 0.995
0.10 1.004 0.982
0.15 1.007 0.962
0.20 1.011 0.937
0.25 1.016 0.907
0.30 1.021 0.872
0.35 1.026 0.832
0.40 1.032 0.789
0.45 1.038 0.741
0.50 1.044 0.690
0.55 1.050 0.635
0.60 1.057 0.577
0.65 1.063 0.515
0.70 1.070 0.450
0.75 1.076 0.383
0.80 1.083 0.312
0.85 1.090 0.238
0.90 1.097 0.161
0.95 1.104 0.082
1.00 1.110 0.000
1.1 1.125 -0.172
1.2 1.139 —0.353
1.3 1.153 —0.545
1.4 1.167 —0.745
1.5 1.180 -0.954
2.0 1.249 —2.122
3.0 1.380 5213
4.0 1.501 -8.458

5.0 1.615 —12.438
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density. Therefore, v(y) requires careful treatment. Hantzsche [15] provided the
convenient analytical approximation

o) N{ 1 —y2[0.375In(1/y) + 0.9673] — 0.0327y* for y >1
= —1.3110y%/2 + 0.8986y'/2 + 0.4936y~ /2 — 0.0812y~3/2  for y <1.
(3.20)

3.2.4 Thermo-field Emission

Up to now we have emission formulas for two limiting cases. At very high
temperature and relatively low electric field one would use the Richardson—
Dushman formula with Schottky correction for the work function, see (3.14).
The other extreme case is for very high electric fields but low temperature: here
one would use the Fowler—Nordheim formula (3.16). In many practical cases,
however, especially when considering arc discharges, both temperature and
electric field strength are high and therefore the general approach (3.15) has to
be solved without the assumption of low temperature. The resulting theory is not
simply a superposition of classic thermionic emission and quantum-mechanical
field emission but the quantum-mechanical solution of (3.15). Pioneering work
was done by Dolan and Dyke [16], and Murphy and Good [17] in the 1950s. The
general expression for the current density is somewhat cumbersome:

24
LR

871(21116)1/2\'()")5?/2 =
3he

damkT | Wy 1 +exp

T E0) == . . Gan
+J In [1 + exp (— E};(/))dEZ}
w
where y was defined in (3.17),
—4/3[—2E 1 K for y >1
B B R L B
VI+y[E(ky) — y K(ka)] for y <1
/2
> . a2 n1/2
E(k) = J (1 —K*sin0) "~ do, (3.23)
0
n/2

K(k) = J (1 - ksin>6) " "db), (3.24)
0
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—1 1/2 1—y 1/2

In the integral boundary, Wy is the height of the potential barrier with respect to
the lowest energy of free electrons in the metal (¢ was the barrier height relative

to the Fermi level) and
AN
W, =— (8n50> . (3.26)

Because these formula are quite involved, simplified formula are often used that
are good approximations for certain temperature and field regions. For exam-
ple, Christov [18] developed a general expression with three relatively simple
integrals. Hantzsche [15] developed a number of additive and harmonic combi-
nations of thermionic and field emission formula such as

2 ¢\ "

Jjre(T, €) ~ k(ATZ + 3@9/8) exp | — (? + 3> : (3.27)
where A4 =120, B =406, C =2.727 x 10°, D = 4.252 x 10'7; the units for
(3.27) are jrr in AJem?, T'in K, € in V/em, and ¢ ~ 4.5 eV. The constants A,
B, C, and D are fitted such as to minimize deviation from the more accurate
formula (3.21). Although the expressions (3.21)-(3.25) can be easily pro-
grammed with today’s computers and software, the use of fit formula (3.27)
may still be valuable if computational speed matters.

Coulombe and Meunier [19] compared emission current densities calculated
by the Richardson-Dushman equation (including Schottky correction) with
current densities by Murphy and Good. It was shown that the Richardson—
Dushman equation always gives lower values than the more accurate treatment
by Murphy and Good.

3.3 Refinements to the Electric Properties of Metal Surfaces

3.3.1 Jellium Model and Work Function

A simple model for the electronic properties of a metal surface is called the
Jellium model [20, 21]. In this model, the atoms of the solid metal are described as
positive ion cores in a sea of free electrons; the ion cores are seen as smeared out
to produce a uniform positive charge.

The electronic charge density at the surface does not drop in a mathemati-
cally sharp manner but exponentially. The electrons accumulated on the outer
edge leave a positively charged region behind, thus forming a dipole layer
(Figure 3.6). The potential related to this dipole is the surface space charge
or dipole potential, Vipore(2).
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Fig. 3.6. Distribution of the electronic charge density at the surface of a metal

The electron contribution of the electric potential can be divided into three
contributions [21]:

V(Z> = Vcore(z) + Vexchange(z) + Vdipole(z)- (328)

The term Vi oe(z) describes the potential between core electrons and valence
electrons; Veore(z) is practically independent on whether the atom is in the bulk
or on the surface of the solid because of the localized nature of the core electrons.
Therefore, Veore(z) cannot significantly contribute to surface effects such as the
formation of the potential barrier (work function). Vexchange(2) 18 the exchange
potential between valence electrons, also known as exchange—correlation poten-
tial. Electrons lower their energy by “avoiding” other electrons of like spin (Pauli
exclusion principle) and due to Coulomb interaction (correlation interaction).
As a result, a deficit of electronic charge is around each electron, which, together
with the dipole potential, is responsible for keeping electrons inside the metal.
In one approach, one can solve the one-dimensional Poisson equation
d*v(z) 1

== k) (3.29)

where p(z) is the electric charge density, ¢ is the dielectric constant in the solid,
and ¢ is the permittivity of free space. One can define the boundary conditions
V(Zp) =0 and V(0) = V5, where 1p is the distance from the surface into the
solid where the electron concentration attains bulk value and the electrostatic
potential becomes zero; the potential height on the surface is designated as V5.
The solution shows that [21]

1/2
Ap = (ﬂ) (3.30)

bulk
en,

is the characteristic screening length, usually called the Debye length. Later,
when discussing arc plasmas, a similar Debye length is introduced, where the
potential energy eV is replaced by the thermal kinetic energy k7T of charged
plasma particles. The solution V(z) is shown in Figure 3.6. It shows damped



3.3 Refinements to the Electric Properties of Metal Surfaces 89

oscillations penetrating the solid to some depth. They are sometimes called
Friedel oscillations. For typical electron concentrations of a metal, about
10 m 7, the depth defined by (3.30) is extended to only about one atomic
layer because free electrons of the metal screen the field. For semiconductors
and insulators, the electron concentration is much smaller and therefore the field
may penetrate thousands of atomic layers into the bulk.

In another approach of treating the jellium model [20], the wave function of
the whole system of electrons can be written as a superposition of one-electron
Schrodinger wave functions

2

~ (g TP+ Vi = £ (331)
2m,

where E; is the total allowed electron energy. If one supposes that the solid is

infinite in x- and y-directions and has a surface at z = 0 and it can be divided into

boxes (cubes) of side length L, the solution are the cigenvalues of the wave

equation:

2\"2 | .
Uy = (F) sin(k.z) exp [l(kxx—kkyy)], (3.32)
where k is the electron wave vector, with the allowed values k. = Nn/L,

N =1,2,3,.... The charge density is related to the wave function by the general
relation

p=—eY |l (3.33)
k

from which one also obtains damped oscillations of the charge density from the
surface into the solid. In this approach, the Fermi length

2n 8n \'/?
/IF:/TF: <3nb"’k> (3.34)
is an often-used scaling length, which is typically 0.5 nm for metals, and
1/3

kp = (3m*n’") (3.35)

is the Fermi momentum corresponding to the momentum of electrons at the
highest energy at 7'= 0, the Fermi energy (3.2).

At the beginning of this section, the work function was simply introduced as
the potential barrier height for the most energetic electrons at 7= 0, i.e., for
electrons at the Fermi energy. Now, with a deeper understanding of the electro-
nic structure of the surface, one can write

¢/€ = Vexchange + Vzlipale - VFermia (336)

where Viermi = Erp/e is the Fermi potential. If we go beyond the jellium model
and consider the crystalline structure of metals, it is not difficult to comprehend
that the surface dipole potential, Vgipole, depends on the distance and charge of
the positive ion cores. Therefore, different crystalline surfaces, even of the same
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element, exhibit differences in the work function, as was experimentally con-
firmed; see, e.g., [22].

3.3.2 The Role of Adsorbates

In all of the previous sections, it was assumed that the surface of the metal is
uniform and free of any defects or adsorbed layers. These assumptions were
useful and necessary to derive a fundamental understanding of the emission
processes. The reality, however, is much more complicated. In fact, the idealized
situation almost never applies, except in cases of carefully prepared surfaces in
ultrahigh vacuum. Cathode surfaces in typical deposition systems are usually
covered with non-metallic atoms and films. As will be discussed, adsorbates and
roughness affect the work function and the electric surface field. Since the work
function appears in the exponential terms of the emission formula derived ear-
lier, careful consideration is necessary. First it will be shown how quickly
cathode surfaces are covered with adsorbates. After the presence of adsorbates
has been demonstrated, their effect on the work function will be explained.

Any surface is subject to impingement of the atoms or molecules* of the gas
the surface is exposed to. From the kinetic theory of gases [20, 23, 24] we have the
impingement rate

p

\/2nmgk T, '
where p, mg, and T, are the pressure, mass, and temperature of the gas, respec-
tively. Even at high vacuum with a typical pressure of ~10* Pa, the impinge-
ment rate cannot be neglected. For a system operating with background gases,
typical for reactive film deposition, the rates are very high (Table 3.2).

Jo = (3.37)

Table 3.2. Pressure (in Pascal and Torr), impingement rate, and monolayer formation
time for selected vacuum and process conditions

p (Pa) p (Torr) Je(m?Zs™h) 1 (s)
Nitrogen

1 7.5 %107 2.9 x 10?2 3.5x 10

107! 7.5 % 107 2.9 x 10! 3.5%x 107

102 7.5%x10°° 2.9 x 10%° 3.5x 1072
water vapor

1073 7.5 % 10°° 3.6 x 10" 0.28

104 7.5%x 107 3.6 x 108 2.8

107 7.5 % 1078 3.6 x 107 28

4 The terms “atoms” and “molecules” are used synonymously in this chapter.
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It is interesting to consider how long it would take to cover an initially clean
metal surface with a layer of gas molecules. For the purpose of this exercise one
could assume that all arriving gas molecules stick to the surface. With this
assumption, the monolayer formation time can be estimated by

Ty = o /Jg, (3.38)

where o ~ 10"”m~2 is the areal atom density of the metal surface. Typical results
are included in Table 3.2. One can see that if a metal surface was initially
chemically clean, i.e., free of adsorbates, this feature can be maintained for
minutes or hours only under ultrahigh vacuum (UHV) conditions.

The above assumption that all gas molecules stick to the clean metal surface is
of course over-simplified. When a gas molecule approaches the surface it inter-
acts with the atoms of the surface experiencing attractive and repulsive forces. In
most cases, the superposition of the attractive and repulsive potentials shows a
minimum at a small distance ry from the surface, which can lead to trapping
(bonding) of the arriving atom (Figure 3.7). The nature of the attractive forces
determines the depth of the potential minimum AV, <0 (to be discussed in
greater detail in the chapter on film growth). The trapped atom has a probability
of escape that can be expressed in an Arrhenius form [20] as

AG*
Vies = Vo €XP (— #) , (3.39)
N

where 1y ~ 10"3s7! is called the attempt frequency, which is associated with the
vibration frequency of surface atoms, AG}, is the free energy of activation of the

repulsive

superposition

attractive

Fig. 3.7. Schematic potential diagram for atom interacting with surface atoms; z is the
distance from the surface, rq indicates the minimum of potential energy corresponding
to the equilibrium distance of the atom becoming trapped. The repulsive term is
mainly due to overlap of filled electron orbitals of surface atoms with orbitals of the
arriving gas atom. The attractive term depends greatly on the specific nature of the
interaction (Coulomb, covalent, polar, van der Waals)
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desorption process, and T is the temperature of surface atoms. The desorption
probability can also be expressed through the enthalpy AHges = —eAV, via

I AH,,
es = V0 — ———d) 3.40
Vs = Vo CXP i, (3.40)
where f and f* are the molecular partition functions of the system in the
equilibrium and activated states, respectively [20]. The reciprocal is the mean
surface lifetime of the atom in the trapped state,

AHdes
Ta = To EXp <k7}) s (341)
with
1
w=lLl (3.42)
VARY)

Values of the adsorption energy, or energy necessary to desorb the adsorbed
atom, A Hge, varies greatly, as does the mean surface lifetime, t,. Depending on
the depth of the potential minimum, and thus the strength of bonding, one
customarily distinguishes between weak physical adsorption (or physisorption)
and much stronger chemical adsorption (or chemisorption). van der Waals forces
are typical for physisorption. Hydrogen bonding, covalent chemical bonding, and
metal bonding are typical for chemisorption. The transition is customarily set to
about 0.2 e¢V/atom, as the physicist would say, or 5 kcal/mol or 21 kJ/mol, as the
chemist sees it. Table 3.3 shows examples of physisorbed and chemisorbed gases
on cathode surfaces. As is clear from the exponential factor in (3.41), the ratio
AHges/kTy is critical. Obviously, heating the cathode makes physisorption extre-
mely short-lived; however, chemisorbed atoms may be difficult or impossible to
remove even when the metal approaches its melting temperature. We can conclude
that a real surface is a highly dynamic object on which atoms frequently adsorb

Table 3.3. Examples of the mean surface lifetime, t,, of physisorped and chemisorped
gases on cathode surfaces [21], assuming 75 = 300 K (equivalent to k7 = 0.0258 ¢V) and
19 ~ 10~13s. The point of these examples is not the exact data but to demonstrate the huge
effect of AHyes

Approximate Approximate T,
Example AHyges (eV/atom) (s)
H, physisorped on metal 0.07 13%x 10"
Ar, CO, N,, CO, physisorped on metal 0.15-0.18 10710
Carbohydrates physisorped or weakly 0.4-0.6 10°°-1072

chemisorped

H, chemisorped on metal 0.9 100
CO on Ni 1.3 4 x 10°
OonW 6.5 10" > age of

the universe
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Fig. 3.8. Charge transfer from and to adatoms on a metal surface. Left: The adatom has
an occupied electronic state above the Fermi level of the metal, and thus full or partial
electronic charge transfer from the adatom to the metal will occur, causing a net positive
charge of the adatom, reducing the work function. Right: The adatom has an unoccupied
state slightly below the Fermi level, which causes electron transfer from the metal to the
atom and an increase of the work function

and desorb but also a more or less permanent non-metallic layer may have
formed. In any case, the presence of adsorbates is the rule, not the exception.

The presence of adsorbates changes the work function. Figure 3.8 shows two
situations when an atom approaches the surface and the electronic charge of the
solid starts to overlap with the orbitals of the atom, i.e., adsorption occurs, and
thus full or partial charge transfer between the adatom and the metal will occur.
On the left side, the adatom has a filled electronic state slightly above the Fermi
level of the metal. In this case, electron transfer from the atom to the metal will
occur, and the adsorbed atom will assume a net positive charge, which will cause
a reduction of the work function. This becomes plausible if one considers that
the work function was associated with a dipole potential, (3.36), where the
negative charge was sticking out from the surface. The right side of Figure 3.8
shows the other case: the adsorbed atom has an unfilled state below the Fermi
energy, and therefore charge transfer to the adatom will occur, giving it a net
negative charge, which will enhance the work function.

If a polar molecule is adsorbed, a similar phenomenon can occur even without
full electron transfer to the metal. If the polarized molecule is adsorbed with the
positive side of the dipole pointing away from the surface, the work function will
be reduced, and in the opposite case the work function will be enhanced.

Inert gas, like argon, is polarizable and will therefore “feel” the dipole field of the
surface. Adsorption of noble gases will change the charge distribution of adsor-
bed noble gases slightly in such a way that the work function is slightly lowered
([21] p. 369). Usually, chemisorption of hydrocarbons on transition metals also
reduces the work function by 1.2-1.4¢V [21]. On the other hand, adsorption of
hydrogen and oxygen atoms usually increases the work function of metals.

The formation of an oxide layer (or more general, insulating layer) of several
atoms thickness prevents charge transfer to the metal in the case of an ion
arriving at the surface. If the kinetic energy of the ion is low, it may adsorb to
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the oxide layer surface and retain its positive charge, thereby affecting the
potential barriers such as to lower the work function. If the insulating layer is
thin, not only field emission, but also violent electrical “breakdown” of the
insulating layer may occur. “Electrical breakdown” refers to a phenomenon
where the previously insulating path becomes suddenly conducting, which is
usually associated with violent repositioning of atoms along the insulating path.
The energy for this repositioning of atoms is provided by the strong electric field.

In a typical cathode situation, which will be discussed later in greater detail,
ions arrive from the plasma after they have transitioned the cathode sheath.
They have therefore sufficient kinetic energy to displace a few atoms of the oxide
or similar surface layer. The positive charge can cause a strong local rearrange-
ment of the electric charge distribution, the work function can be locally low-
ered, electrons emitted, and atoms desorbed. In fact, the presence of plasma in a
real cathode situation makes the situation much more complicated as described
so far because there are a number of processes contributing to the dynamics of
adsorption and desorption, including (but not limited to) desorption induced by
incident ions, electrons, photons, and energetic neutrals.

Even the strong electric field by itself is able to affect the balance of adsorp-
tion and desorption, as illustrated in Figure 3.9. The formation of a potential
minimum resulted from attractive and repulsive forces (Figure 3.7). In the
presence of a strong external field, the resulting total potential is “bent” down
and thus the minimum is much shallower or not present all at, leading to field-
induced desorption or field evaporation.

total interaction potential
without external field

external field
Cez

total interaction potential
with external field

Fig. 3.9. Potential illustrating field-induced desorption or field evaporation. In contrast
to Figure 3.7, where the formation of a potential minimum resulted from attractive and
repulsive forces, the presence of a strong external field “bends” the total potential and
thus the minimum is much shallower or not existent

3.3.3 The Role of Surface Roughness

Previous considerations assumed that the cathode surface was smooth. They did
not account for the effects of the periodicity of the lattice, atomic scale steps, and
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plasma

/ 1 l sheath

7T e

Fig. 3.10. Illustration of non-uniform ion flux to a cathode (or other negatively biased
metal) and field enhancement. The non-uniformity is associated with a roughness that is
much larger than atomic scale. Arrows indicate ion trajectories

larger-scale roughness. A decreasing atomic density reduces the dipole created
by electrons “spilling out” beyond the nominal surface [21], hence reducing the
work function. Surface steps on the atomic scale also reduce the work function.
These effects on the atomic scale reduce ¢ typically by a few tenths of one
electron-volt.

Real surfaces generally show much larger than atomic scale roughness. Even
in cases where the initial roughness is only on the atomic scale, the action of
cathode spots will cause roughening of the surface on the nanometer or even
micron scale. This much larger-scale roughening leads to an enhancement of the
local surface electric field strength and to non-uniform ion bombardment as
illustrated by the cartoon (Figure 3.10). The influence of surface roughness on
the emission properties of metals was recognized early by Walter Schottky [25],
who later became famous for his work on semiconductors.

The enhancement of the field strength of real surfaces is often captured by the
ad hoc introduction of a field enhancement factor, 3, such that

QEI‘H([/ = ﬁ@(h (3 43)

where €, is the electric field on the surface if the surface is atomically smooth and
free of non-metallic contamination. The value of 3 can be high and may exceed
100 (see the review by Farall [26]). Experimental studies on field emission indi-
cated that 8 appeared to be greater than 1,000 in some cases, which implied that
either the geometry of the electron-emitting centers is extremely pointed, needle-
like, or that other factors play an important role. Although extremely acute shapes
of emitters have been detected [27], their general presence appeared unlikely, and
therefore Latham [28] suggested that experimental data on § usually include not
only roughness effects but also the influence of non-metallic layers and dielectric
particles or inclusions in the surface layer as investigated earlier by Cox [29].

3.4 Theory of Collective Electron Emission Processes:
Non-stationary Models

3.4.1 Ion-Enhanced Thermo-field Emission

Until now, in describing the theory of electron emission due to high cathode
temperature, high electric surface field, or both, temperature and field were
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assumed as given and stationary. For the case of a cathodic arc, the surface field
exists due to a space-charge layer or “sheath,” which is not stationary. Consider-
ing the nature of changes more closely one may recognize at least two timescales.

One timescale is associated with changes of the sheath, which can be mainly
attributed to changes of the plasma density, and one may expect here changes
measured in nanoseconds. These are quasi-stationary changes on a timescale of
an actual electron emission event (femtoseconds).

A second timescale and a strong modification of the original thermo-field
emission picture comes into play when considering the electric field of individual
ions. Ecker and Miiller [30] proposed to modify the thermo-field mechanism for
the case of an arc by not just considering the average field of the sheath but the
actual, momentary field caused by an ion coming from the plasma and
approaching the surface. They showed that thermo-field emission can be sig-
nificantly enhanced without having to enhance the cathode temperature or
surface field.

The deformation of the potential barrier by the approaching ion is shown in
Figure 3.11. The ion can only be effective in a narrow range of about 1nm of
distance from the surface. At large distances (> 5nm), the deformation of the
potential barrier by the ion is negligible, and at small distances (< 0.4 nm), the ion
captures one or more electrons (if it was multiply charged) and becomes neutralized
(Figure 3.12). The timescale of action is thus t ~ As/v; ~ 1 nm/10*m/s = 100 fs.
According to calculations for copper by Vasenin [31], ion enhancement of the
thermo-field mechanism can be significant, even exceeding a yield of 10 electrons
per incident ion, when the system is already in a highly emissive state, i.e., at
temperatures > 4,000K and fields > 10° V/m. Despite the individual nature of
the ion-field enhancement effect, ion-enhancement thermo-field emission belongs to
the group of collective emission mechanisms, and the discharge is an arc, not a glow
discharge, as explained in the Introduction to this chapter.

¥

vacuum level

Fermi level
vacuum

Fig. 3.11. Deformation of the potential barrier by an ion approaching the cathode surface
(z = 0). Tunneling of electrons that can occur in the presence of a strong electric field is
enhanced when the ion is sufficiently close to the surface, narrowing and lowering the
barrier. The ion charge is neutralized by capturing electron(s) and the enhancing effect is
terminated
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Fig. 3.12. Illustration of the time-dependent potential when an ion approaches a cathode,
calculated for a Cu®" jon and an average field of 1.4 x 10° V/m (adapted from Figure 6 of
[31]); x is the distance from the surface, r is the radial distance from the projected impact
location. At large distances (x > 5nm), the deformation of the potential barrier by the ion
is negligible, and at small distances (x < 0.4 nm), the ion captured one electron

Coulombe and Meunier expanded such consideration to the case when
arcs are operated at relatively high gas pressure, that is, when bombardment
of the cathode with gas ions plays an important role. They showed that the
Richardson equation for thermionic emission is inadequate [19]: field-enhanced
thermionic emission (Richardson equation) underestimates electron emission
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by at least 20% compared to thermo-field emission [17] enhanced by slowing
moving ions [19].

3.4.2 The Existence of a Critical Current Density

The emission of electrons by high temperature and high field will become intense
as the surface temperature and electric field strength €,.,; approach typically
2,000K and 10° V/m, respectively. However, none of the emission equations
(3.7), (3.14), (3.16), or (3.21) indicate that there might be an upper limit of
emission current density.

In the 1950s, field emission projection tubes became a popular tool [32] to
study the effects of surface features on the distribution of the field emission
current. Walter P. Dyke and his colleagues [33, 34] applied the technique to
study the onset of vacuum discharges. They found that the tips of field emission
cathodes exploded in less than 1 ps when the current density of electron emission
reached a critical value of about 10'* A/m?. They concluded that thermal effects
of the emission current itself were responsible for the explosive destruction of the
field emission tip and the onset of a vacuum arc.

The experiments of Dyke and co-workers indicated that stationary modes
may exist at relatively low current densities while current densities exceeding
10"'-10' A/m? imply explosive destruction of the emitting material. It was clear
that there is a need to consider the time-dependent energy balance of cathodes
during emission and ultimately consider the energy situation in a local and time-
dependent manner. The development of a non-stationary emission model was of
course much more challenging than the development of stationary models
because relevant non-stationary models require not only the explicit introduc-
tion of time, but also the consideration of at least two, and better three, spatial
dimensions, the temperature dependence of material parameters, and phase
transitions.

3.4.3 The Tendency to Non-uniform Emission: Cathode Spots

It is interesting to notice that the emission equations for thermionic and field
emission assign to the emission area a very different role than to the governing
parameters, temperature and electric field, respectively. While an increase in
area, at otherwise constant conditions, increases the emission current linearly,
increase in temperature or field affects the emission current exponentially. Sur-
face temperature and field have a vastly greater effect on emission and the system
as a whole than an increase of the emitting surface. Since a moderate increase in
temperature or field on a very small area requires less energy than even a some-
what smaller increase on a large area, stability considerations based on mini-
mum energy dissipation will clearly favor the formation of small-area, hot spots.
Different geometries, thermal conduction conditions, and materials may lead to
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solutions of the energy balance that are stationary or non-stationary. These
different solutions manifest themselves as arc modes, which are later discussed in
Section 3.6.

3.4.4 Energy Balance Consideration for Cathodes

Heat Conduction Equation

It is clear that the highest current densities occur most readily when both high
temperature and high electric field strength are present. An attempt to describe
the situation could start by writing the general heat conduction equation for the
cathode:
oT(r,t

oD (e T 1) = j(r D€l ), (3.44)
where C is the specific heat capacity (in J/kg K), p is the mass density (in kg/m?),
k is the thermal conductivity (in J/s m K), T(r, 7) is the temperature field (in K),
j(r,¢) is the current density distribution inside the cathode, and €(r, 1) is the
electric field inside the cathode.

Joule Heat

The expression on the right-hand side of (3.44) is Joule heating. Joule heat is
caused by transfer of kinetic energy of free electrons in the metal to phonons
(lattice vibrations). Free electrons in the metal are accelerated by the electric
field, €, causing the current density

j=o€. (3.45)

This expression is Ohm’s law, where o is the electrical conductivity. The heat
produced in the volume of the cathode (in J/s m?) is

2
Sioute = JE = 0@ =L (3.46)
: g

Apart from energy transport (heat conduction) and dissipation (Joule heat) in
the cathode volume, the local temperature of the cathode surface is determined
by energy fluxes associated with the ion, atom, and electron fluxes, as well as
with radiation:

q=r(VT),=qi+ qu+ 9e + Graa- (3.47)

The subscript “n” refers to the surface normal, which is directed away for the
cathode. The energy fluxes through the surface are expressed in J/s m?. They
include heating and cooling terms depending on the sign of flux considered.
Relation (3.47) represents a boundary condition for (3.44). The energy flux
terms are discussed below.
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Ion Bombardment Heating

Tons leaving the surface will remove energy from the surface, and ions arriving
will bring energy to it. The dominance of one or the other depends on the stage of
development of the cathode spot. Tons arriving have acquired kinetic energy in
the space-charge layer, i.e., in the sheath, which is present between cathode
surface and quasi-neutral plasma. The voltage drop of the sheath is called the
cathode fall, here designated as V.. The energy density associated with arriving
ions can be written as

rarrive

] A
g~y % o (¢QVe+ Eo = 06+ aFun), (3.48)
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where the summation is over all charge states Q = 1,2,3,...,Omax present in the
plasma. The term jgrive / eQ is the particle current density of ions of charge state

0. The second and third terms in the parenthesis are the total ionization energy
of the ion minus the work function of the electron(s) needed to neutralize the ion
when it arrives at the metal surface. The total ionization energy of a Q-charged
ion can be calculated as the sum of all energies in stepwise ionization:

0-1
Eg =) E (3.49)
i=0

where Ej is the energy needed to produce a singly charged ion from a neutral, £,
is the energy needed to produce a doubly charged ion from a singly charged, etc.
The last term of (3.48) is the cohesive energy, which is defined as the energy
needed to remove an individual atom from its bonded position in the solid to an
isolated position at infinite distance. The cohesive energy contributes to cathode
heating only when the ion condenses on the cathode and actually becomes part
of it. Only a fraction 0 < a < 1 is actually accommodated; the rest, a — 1,
returns to the plasma after its charge is neutralized. For that reason, the accom-
modation (or sticking) coefficient o was introduced to (3.48).

The energetics of ions arriving at a surface is also important for film deposi-
tion on a substrate, and therefore the situation is further considered in energetic
condensation of thin films (Chapter 8).

Ion Emission Cooling

Depending on the stage of spot development (see Section 3.4.8), ions may mainly
leave the cathode rather than arrive. This is especially true for stage (ii), the
explosive stage. In fact, the time-averaged net flux of ions is from, not to, the
cathode surface, which is sometimes labeled as “anomalous” ion emission [35].
In contrast to most other discharges, cathodic arcs are characterized by the net
flux of positive ions moving away from the cathode, which is ultimately asso-
ciated with the explosive nature of the cathode processes. The existence of spot
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development stages is considered in the ecton model, and spatial and temporal
superposition of spots leads to fractal features of cathode phenomena.
The cooling of the cathode by “anomalous” ion emission can be described by

remit
g~ — Z‘]Q—(%n +Eg— Q¢+ Econ). (3.50)
o @
This expression contains terms similar to (3.48); however, the kinetic energy
terms are now associated with the temperature of the cathode, T¢.. In writing
down this expression it is implied that the ions are formed in the explosive
process, hence their ionization energy is taken from the cathode.

This view on spot modeling with ion cooling is, however, not generally
accepted since it is possible to consider that most ions are formed at some
distance from the cathode surface by ionization of an intense flux of atom
vapor [36]. Under such conditions, ion emission cooling would not play a role
but the energy removed by evaporation.

Atom Evaporation Cooling

For ions produced by ionizing the flow of evaporated atoms, one could omit the
terms £p — Q¢ in the parenthesis of (3.50), arriving at a corresponding expres-
sion describing cooling caused by evaporation of atoms from the surface:

¢~ —JSP KT, + Econ), (3.51)

where J;"" is the flux density of evaporating atoms. In evaporation equilibrium,
the number of evaporating and condensing atoms are equal and the net flux of

atoms is zero:
kT Dvapor
at/ = . 3.52
& 2nm,  \2am kT ( )

In equilibrium, the temperature of atoms is equal to the temperature of the
evaporating surface and 7 does not need to have an index. Following Lang-
muir’s argument, the flux of evaporated atoms does not depend on whether or
not condensation is actually happening. Therefore, the evaporation rate can
always be related to the material’s equilibrium vapor pressure, and one may
write

eva, pva or
JOW = 3.53
0 V2mmy kT, ( )

The vapor pressure increases approximately exponentially with surface tempera-
ture. The material-dependent data curves were tabulated by Honig [37]. One
should note that the vapor pressure curves go smoothly through the melting
temperature and therefore, from an evaporation point of view, the phase state of
the cathode does not matter. However, this state matters a lot when we consider
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the pressure of the plasma on the cathode: a liquid surface will yield, and the
most apparent result is the generation of macroparticles which in turn become
sources of vapor. Macroparticles are further described in Chapter 6.

In the framework of a fractal model, evaporation cooling can be neglected
during the explosive spot stage since the emitted material is fully ionized and
thus already taken into account in the ion flux term. In other spot stages or,
equivalently, outside the spot center, evaporation may occur but its energetic
consequences are small compared to other forms of energy flux due to the very
strong temperature dependence of the vapor pressure.

Atom Condensation Heating

Analogous to (3.51), the energy brought to the cathode by condensing neutral
atoms is

gt = J5 2k T, + Eeon), (3.54)

where T, is the atom or vapor temperature. In the explosive stage, no atoms can
flow against the stream of material due to collisions. Atoms may condense in
other spot stages (or equivalently, outside the spot center) but the associated
energy flux can be neglected compared to other energy fluxes. For example,
returning ions will have gained energy by acceleration in the field of the cathode
sheath but (neutral) atoms do not “see” this field.

Electron Emission Cooling

The emission and return of electrons can have an important influence on the
energy balance of the cathode. As extensively discussed before (Section 3.3.1),
electrons are confined inside the metal by a potential barrier, whose height above
the Fermi level is ¢, the work function, or better ¢g, the Schottky-corrected work
function, see (3.13). For a hot cathode, electrons can leave the metal classically,
going over the barrier and hence carrying away the energy:

jemit

cool oy _JFT kT, + bs). (3.55)

If the emitting cathode location is still cold (in terms of thermionic or thermo-
field emission), significant emission can only occur via field emission in a strong
electric field. As discussed before, electrons tunnel quantum-mechanically
through the barrier, which has become narrow by its deformation in the strong
field. Now something strange can happen, namely that the emission of elec-
trons can actually lead to heating rather than cooling, which is known as the
Nottingham effect [13, 38]. This becomes clear if one recalls that electrons in a
metal have a Fermi distribution, as was illustrated in Figure 3.2. Electrons
below the Fermi level may tunnel and leave the metal; their replacement
from the current supply fills the electron “sea” at the Fermi level. The energy
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difference between the electron lost and the electron replaced constitutes a
small heat gain. As the cathode heats up, this heating becomes less and even-
tually reverses to the more familiar, classical cooling. The inversion tempera-
ture, T*, at which heating turns into cooling has been determined to [13, 39]

T =5.67 x 107£ ), (3.56)
where 7 is in K, € is in V/m, ¢ is in eV, and ¢(y) is the elliptical function
introduced before and tabulated in Table 3.1. From this expression one can see
that Nottingham heating can only be important in the pre-explosion stage, when
the local cathode surface temperature is still low. Therefore, one needs to
consider the Nottingham effect only for the onset of thermal runaway and the
early development of a local emission center.

Heating by Returning Electrons

While the net electron current is away from the cathode and electrons are
accelerated in the cathode fall, electron—electron interaction in the dense plasma
will quickly lead to a Maxwellian energy distribution. Electrons in the energetic
tail of the distribution may have enough energy to return to the cathode,
essentially delivering the work function energy

jreturn
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The return current,
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contains an extremely small exponential factor because (—eV./kT,) ~ —10.
Therefore, heating by return electrons can be neglected. In models that assume
vapor ionization in a more or less pronounced potential hump, the electron
return current is even smaller.

Radiation Cooling

The cathode spot is bright and obviously energy is removed from the cathode via
radiation. In a rough approximation, one may assume that the spot area is a
black body radiator whose power density is given by

¢ = e.ospT?, (3.59)

where ¢ is the surface emissivity (¢, = 1 if the surface was a true black body, but

realistically 0<e.<1), o, = 5.67 x 10°*W/m”> K* is the Stefan-Boltzmann
constant, and T is the temperature of the emitting cathode surface. Here and
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elsewhere we have a conceptual problem since 7 is not well defined for the case
of a microexplosion. For the sake of an estimate, one may assume that 7,
exceeds the melting temperature. Even for refractory metals and given the strong
T# dependence, one can easily determine that radiation cooling is small com-
pared to other energy terms.

Radiation Heating from Plasma

The light seen from a cathode spot is mainly emitted from the spot plasma. The
statement above in the first paragraph of “radiation cooling” was therefore a bit
deceptive! The plasma formed in a microexplosion is very dense and optically
thick, hiding (shielding) the radiation emitted from the cathode-spot surface.
The term optically thick refers to a medium in which the mean free path of
photons is small compared to the physical size of the medium. Photons are
absorbed and re-emitted again and again, and photon transport resembles
diffusion [40]. With its expansion, however, the plasma becomes quickly trans-
parent or optically thin.

Radiation coming from the plasma will be in part reflected and in part
absorbed; only the latter contributes to heating of the cathode. A quantitative
determination of this heating is difficult because it involves the black body
radiation of the transient plasma of the explosive stage of the cathode spot
and line radiation from the expanding plasma corresponding to later stages.
Only the black body radiation with temperature of a few eV (say, T, > 50, 000K)
would be noticeable; however, even this can be neglected in the overall balance.

3.4.5 Stages of an Emission Center

The previous discussion already indicated that electron emission becomes non-
stationary and localized. The terms “spot” and “emission center” were used,
calling for more refined considerations, which will be given later in the frame-
work of a fractal approach. At this point one may think of a spot or an emission
center as a location on the cathode surface where one can describe the evolution
of electron and plasma generation. The evolution may be divided into four
stages: (i) the pre-explosion stage, (ii) the explosive emission stage, (iii) the
immediate post-explosion stage, where cooldown has started but electron emis-
sion and evaporation are still large, and (iv) the final cooldown stage. Each of the
four stages is highly dynamic. In the following paragraphs, these stages are
briefly described, followed by a discussion of plasma and sheath properties.

In the beginning of the pre-explosion stage, the cathode surface has assumed
surface conditions determined by its history, such as mechanical and heat
treatment, and the exposure to specific intentional or residual gas conditions.
Since we consider the operation of an arc (and not the specifics of the initial arc
triggering), plasma is already generated at some distance, causing cathode loca-
tions to be exposed to bombardment by ions, accompanied by a flux of electrons,
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atoms, and radiation. Furthermore, the temperature of the solid may be increas-
ing, e.g., due to heat conduction and ion bombardment.

Each location on the surface might be a candidate for the ignition of an
emission center but in reality each location has its own history and properties
such as the work function. For example, the conditions are different at grain
boundaries and in the middle of a grain. Oxides and other dielectrics might be
present, and surface roughness will certainly give each location unique
properties.

Suppose one could pick a location that is going to experience explosive
emission. The conditions will be such that the local energy input will be higher
than at neighboring locations due to its specific properties and its relation to the
plasma and sheath conditions produced by predecessor emission sites. The
conditions are indeed favorable if the local work function is low and the field
is enhanced due to the presence of dielectric contamination and/or the presence
of micro- or nanoprotrusions. If such favorable conditions are coupled to a very
high electric field strength (e.g., thin sheath due to high plasma density) and a
high intensity of ion bombardment, the local energy input can lead to electron
emission with thermal runaway, bringing the location to stage (ii), characterized
by explosive electron emission. This stage is at the heart of the “ecton” model
developed by Mesyats and co-workers [41, 42]. Thermal runaway and ecton
model are discussed later in this chapter. The microexplosion causes destruction
(erosion) of a microvolume, which is later evident as a crater on the cathode
surface. Theoretical models of cathode-spot development differ in the literature,
although most agree that repetitive ignition of microexplosions is real and well
supported by experimental evidence. The main discontent is about the duration
and relative importance of explosion and post-explosion stages.

In one view, each microexplosion is immediately followed by the next micro-
explosion, and therefore the cathode operation is based on a rapid sequence of
microexplosions, each being on a timescale of the order of 10 ® s [41, 42]. In this
view, stage (iii) is of relatively little importance.

High-resolution, fast optical diagnostics support this view, at least the notion
that the sequence of explosive events is indeed rapid. For example, very fast
optical imaging of very low current arcs, 3—12 A, only shows bursts of light every
50-70 ns with the most intense phases having a duration of 10-20 ns [43].

Another view considers the explosive stage (ii) as a short, transient, beginning
stage for a much longer, quasi-steady-state, post-explosion stage in which elec-
trons are emitted from the hot, liquid metal layer of the freshly created crater
formed under the action of dense plasma. In this view, cathode material is
evaporated and becomes ionized very close to the surface due to the intense
electron beam formed in the thin cathode sheath. Electrons in this beam have the
energy corresponding to the cathode fall (about 20 V) and their current density is
determined by field-enhanced thermionic emission. Most ions are formed by
electron—atom interaction in an electron beam relaxation zone in close proximity
to the cathode surface [36].



106 3 The Physics of Cathode Processes

Putting these differences aside, for the time being, it is clear that a fourth, final
stage must exist in which electron emission and evaporation have ceased because
the thermal conduction has led to an increase of spot area, lowered the power
density, and hence lowered the surface temperature. The explosively formed
plasma has expanded, its density is lowered, therefore the cathode sheath thick-
ness has increased, and the surface field is reduced. Despite lower cathode
surface temperature and lower field strength, this stage may be important to
the overall cathode erosion since the hot surface may still deliver metal vapor,
especially when the cathode material is of high vapor pressure [44].

3.4.6 Plasma Jets, Sheaths, and Their Relevance to Spot Ignition and Stages
of Development

Neglecting the small voltage drop inside the cathode, one may state that the
cathode is at the cathode potential and the plasma far from the surface is at
plasma potential. “Far” can be understood as a distance much larger than the
spot size and larger than the greatest cathode sheath thickness. The potential
difference

AV = Vean — Vpl (360)

is located very close to the cathode surface and is generally known as the cathode
fall. The thickness of the sheath, across which the potential falls, depends
strongly on the local plasma density. Local emission and explosive processes
immediately imply that we deal with a time-dependent and non-uniform dis-
tribution of plasma density and sheath thickness. The situation is quite different
than often simplifyingly illustrated: the sheath edge or boundary is not at a
constant distance from the surface. Quite contrarily, the sheath boundary
depends on the local plasma conditions and changes rapidly with the evolution
of the emission center.

Let us consider an instantaneous snapshot of the near-cathode zone and
preliminarily adopt the concept of the Child sheath (Appendix A):
V2, <2€ |AV|>3/4

De .

SChild = —— /A
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The Child sheath thickness scales with the Debye length ipe = (g0k T, /n.c*) 12
which varies greatly over the surface. The Child sheath thickness depends on
the voltage drop, AV, and on the local electron density and, to a lesser degree,
electron temperature. One can therefore immediately see that different locations
have different sheath thickness: a location of denser plasmas has a thinner sheath
than the surrounding locations.

Although these considerations appear intuitively right, they do not stand a
rigorous proof because the conditions of validity for (3.61) do not apply for all
locations, or equivalently, stages of spot development. One of the assumptions
in the derivation of (3.61) was that ions move from the sheath boundary through

(3.61)



3.4 Theory of Collective Electron Emission Processes: Non-stationary Models 107

the sheath roward the cathode surface. However, the net flux of a cathodic arc
process points in the opposite direction. The assumption of arriving ions is
greatly violated at least in stage (ii), the explosive stage, where the phase transi-
tions solid—liquid—gas—plasma occur rapidly in an expanding volume. The
voltage difference AV drops mainly in the dense, non-ideal plasma because the
conductivity of the non-ideal plasma is less than the conductivity of the metal
and the conductivity of the expanded, ideal plasma (“valley of low conductivity”
[45]; more about non-ideal plasmas are said in the next section).

The plasma conditions change rapidly and therefore the sheath boundary
should be understood as a highly dynamic object with transient “holes.” A
“hole” means that a location may exist without a sheath: the voltage is dropping
in non-ideal, quasi-neutral plasma, as opposed to a space-charge layer. The
sheath holes are at locations where dense plasma of microexplosions can be
found, hence they exist only at some locations for a very short time (nanose-
conds). Figure 3.13 shows a cartoon snapshot of such situation. This description
illustrates the difficulties of modeling cathode processes of cathodic arcs: the
different stages of spots and fragments require different model approaches and
different scales. Explosive models need to be matched with models describing
simultaneously occurring processes far from the explosive center. These differ-
ent processes are coupled; they operate electrically in parallel and create bound-
ary conditions for each other.

At this point some more remarks should be made about model assumptions.
In order to make the difficult situations tractable, simplifying assumptions are
made on the structure of layers and geometry of emission sites. Furthermore,
sometimes, models are not based on first principle equations but on solutions of
fundamental equations that apply to certain conditions.

For example, instead of solving the Poisson equation, a second-order differ-
ential equation, special solutions such as the Child—Langmuir law for the current
and the Mackeown equation for the electric surface field are often utilized.
Mackeown’s equation [46, 47] in one dimension is simply

holes in sheath

plasma

\ / cathode

exploding emission centers

Fig. 3.13. Schematic of “holes” in the cathode sheath: these are locations where dense
plasma of microexplosions is found; “sheath holes” exist only for a very short time
(nanoseconds)
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where V. ~ 20V is the cathode fall and scpjg is the Child sheath thickness,
(3.61). However, these special solutions are only valid under certain conditions,
such as the net ion flux is going toward the surface, as already mentioned. Such
conditions may be satisfied far from the spot or, equivalently, at times other than
the explosive stage.

Simplifying assumptions are also made in models focusing on the explosive
stage. Most importantly, to model thermal runaway, the field enhancement
needs to be known, and therefore assumptions are made about the shape of a
“typical” emission site. Very popular is the cone shape because a cone has a very
high field enhancement factor at its tip, and furthermore it is argued that cones
are naturally formed when a liquid surface is subject to strong electric fields
(Taylor cones) and dynamic pressure (nonlinear surface waves) [48].

The sheath thickness is of critical importance to the ignition of an emission
center because it determines the surface electric field, which needs to be suffi-
ciently high to cause thermal runaway at this location. Even as the Child solution
(3.61) and the Mackeown field (3.62) are not applicable, one can qualitatively
say that high plasma density is associated with thinner sheath and higher surface
field strength. Therefore, as we look for reasons why a potential emission site
actually becomes an emission site, we need to consider the site’s surface conditions
as well as the evolution of plasma above the surface. This approach will naturally
lead to understanding of random versus “steered” motion of cathode spots.

In the previous section on stages of development, it was already mentioned that
ignition of a new emission site occurs when a location with favorable surface
conditions is exposed to dense plasma. The dense plasma simultaneously produces
two important effects: one is the shrinking of the sheath thickness and the asso-
ciated increase in electric surface field and the other is an increase in ion bom-
bardment heating. The combination of both gives rise to intensified local energy
input, which leads to a microexplosion if the energy input rate exceeds the energy
removal rate, as will be discussed in the framework of explosive electron emission
(see (3.63)). At this point it should only be mentioned that experiments by
Puchkarev and Bochkarev [49] and simulation by Uimanov [50] provided evidence
that ion bombardment heating is critical for the formation of the explosive emis-
sion stage. Active emission sites emit plasma that is rather non-uniform on the
microscopic scale (jets) due to focusing in the strong magnetic field associated with
the arc’s high current density. These micro-plasma jets provide the ion bombard-
ment and field enhancement conditions for potential emission sites. In the absence
of an external magnetic field, the self-field is rather symmetric, and there is no
preferred direction for the emission of microjets. Hence the ignition of new emis-
sion sites is equally likely in all directions from the active site. If an external
magnetic field is applied transverse to the surface normal, the symmetry is broken,
and one should expect a preferred direction of plasma jets and spot ignition.
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3.4.7 Explosive Electron Emission and Ecton Model

The central stage in the development of emission centers is stage (ii), the
explosive stage. The idea of explosive electron emission was developed by
Mesyats and co-workers including Bugaev, Litvinov, and Proskurovsky
[51-53]. The term “explosive electron emission,” sometimes with the acronym
“EEE,” may refer to the whole development cycle of an explosive center, or
specifically to the explosive stage.

Already in his early work in the 1960s, Mesyats recognized the similarity
between metal—plasma phase transitions of exploding wires and cathodic arcs.
Based on much improved experimental data, Mesyats introduced a rather
specific model of explosive electron emission in the 1990s, the “ecton model”
[54, 55], which is based on the explosion of a liquid metal cone formed by the
action of a strong electric field on the hot cathode surface.

The term “ecton” refers to an “explosion center” with the ending “ton” in
analogy to other particles or quasi-particles (like photon, proton, exciton, etc.).
In doing so, Mesyats wanted to emphasize the discrete, “quantum-like” appear-
ance of each explosive event [35, 41, 42, 56]. Interestingly, one can also see the
collective character of electron emission (recall: Hantzsche defined an arc cath-
ode mechanism to be a collective phenomenon, see the discussion at the begin-
ning of this chapter). According to the ecton model, each ecton liberates about
10'" electrons in an explosion with duration of the order of 10ns. The micro-
explosion also produces plasma of the cathode material and generates the
conditions for the ignition of the next ecton. Mesyats refers in his work generally
to emission centers of cathode spots; the physics applies to individual emission
centers or cells or spot fragments in Kesaev’s [57] and Jiittner’s [58]
classifications.

The explosive emission concept will now be described in somewhat greater
depth because it contains processes that explain a number of features of the
cathodic arc plasma. These features (supersonic ion velocities, multiple charge
states, etc.) distinguish cathodic arc plasmas from most other plasmas; and they
are the reason that cathodic arc plasma deposition is an energetic condensation
process leading to films that are denser than most other processes.

A microscopically small volume, such as a microprotrusion or particular
volume under an oxide layer, will explode if the rate of specific energy input,
dw/dt, is much greater than the maximum rate of heat removal. The latter can be
expressed as the energy of sublimation or cohesive energy, E., divided by the
characteristic time of energy removal, T, [54], hence the condition for explosion is

dw E.

— > . 3.63
dt = T ( )

The cohesive energy can be expressed as energy per mass (J/kg) or per particle
(eV/particle), and the characteristic time of energy removal can be determined by

t=d/v, (3.64)
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where dis the characteristic (linear) size of the microvolume and vy is the speed of
sound in the cathode. The conditions so far are rather general and not necessa-
rily bound to the conical shape of an emitter. Explosive emission may occur on
rather plane surfaces [49] as long as condition (3.63) is meaningful and satisfied.
If heat removal is exclusively by heat conduction, the linear dimension of the
exploding microvolume is

d<./at, (3.65)

where a is the thermal diffusivity. For example, with we ~ 107 J/kg, vs ~ 10° m/s,
d ~ 10~°m, one obtains dw/dz > 10'° J/kg s.

Explosive phase transitions are known from wire explosions [59]. A segment
of wire can be considered equivalent to a current-carrying microprotrusion on
the cathode surface. A wire (or microprotrusion) will explode with a delay time,
tq, if a thermal runaway instability occurs [60]. Joule heating is proportional to
the current density and voltage drop; the latter, in turn, is proportional to the
current density and resistance of the wire segment (or microprotrusion). For
metals, the resistance increases with temperature and, provided the power source
can deliver greater power at increased voltage, the Joule energy dissipation
increases with increasing temperature. This, in turn, increases the temperature,
which increases the energy dissipation, etc., and thus the runaway feedback
loop closes until the wire segment (or microprotrusion) is destroyed by a
microexplosion.

From the theory of wire explosions [61], the current density, j, and explosion
delay time, t4, satisfy

tq

jdt =h, (3.66)
0
where /1 is called the specific action whose value depends on the cathode material
but is approximately independent of current density, wire cross-section, or other
discharge quantities (Table 3.4).

Table 3.4. Specific action, #, for
selected materials. (From [41, 62])

Material I (A%s/m*)
C 1.8

Al 18

Fe 14

Ni 19

Cu 41

Ag 28

Au 18
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According to the ecton model [41, 54, 56], thermal runaway occurs on
microprotrusions until they explode with a delay time associated with the
material-specific action. Cathodic arc operation includes plasma production
and electron emission via a rapid sequence of microexplosions. This concept
may appear questionable because it explicitly calls for explosions of micropro-
trusions. Different materials have certainly different densities of such protru-
sions, and of course they are destroyed by the explosive processes. Therefore, to
be consistent, the ecton model must include not only the explosion but the
formation of microprotrusions or similar explosion-promoting structures or
other conditions that can lead to thermal runaway in a limited volume. The
latter may occur on any metal surface if plasma microjets provide intense local
ion bombardment and high electric surface field [49].

Not all modeling work is based on explosive emission theory (used widely in
this book), where electron current actually exceeds the arc current because it
needs to compensate for ions going the “wrong” way (from cathode to anode). In
a more traditional one-dimensional model, the current transfer at the cathode
surface is composed of electron emission current and ion return current. Using
this and other assumptions, Beilis [63] calculated that multiply charged ions may
be formed for refractory metals at a relatively small electron-to-ion current ratio
of 0.7-0.9. A similar model was developed by Coulombe and Meunier [64] for
the operation of a copper arc with current densities in the range from 10® A/m?
(upper limit for non-vaporizing cathode models) to 4 x 10'® A/m?. Their results
showed that current densities greater than 10'® A/m? can only be accounted for
with metal plasma pressures exceeding 35atm and electron temperatures ran-
ging from 1 to 2 eV. The current transfer to the cathode is mainly assumed by the
ions at relatively low current densities (<10'° A/m?) and by the thermo-field
electrons for higher current densities. The heat flux to the cathode surface under
the spots is mainly due to the flux of returning ions and ranges from about 10'°
to 10'" W/m? for current densities ranging from about 10° to 10'° A/m?.

3.4.8 Explosive Electron Emission on a Cathode with Metallic Surfaces

For fragments of spot type 2, i.e., emission sites on clean metal cathode surfaces
as further discussed below, the formation of microprotrusions is not difficult to
recognize when investigating the crater traces left by the microexplosions (right
side of Figure 3.14). The microexplosion produces a thin layer of molten cathode
material, which yields to the high plasma pressure. The liquid material is ejected
from the explosion crater and is rapidly quenched, producing macroparticles
(see Chapter 6) and microprotrusions, which can serve as new ignition points.
One of them will be most suited to go through thermal runaway, leading to the
next microexplosion. According to this picture, the location of the next explo-
sion is displaced by about one crater radius from the location of the predecessor
[65]. It is common for this arc spot type that long chains of craters are formed
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Fig. 3.14. Track of erosion craters left by spots of type 1 (left) and type 2 (right); a
transverse magnetic field was applied to “drive” apparent spot motion leaving a rather
straight trace. (Photos courtesy of B. Jiittner)

(Figure 3.14, right). These chains of craters show a preferred (retrograde) direc-
tion when an external magnetic field is present.

At first sight, the situation is less obvious for atomically smooth cathodes or
liquid cathode surfaces like with mercury or gallium or cathodes with non-
metallic layers (type 1 cathode spots). Here, additional processes need to be
considered.

Let us consider a liquid metal surface subject to a strong electric field. Already
Tonks considered in 1930 that the electrostatic force on a liquid metal surface
may overcome the stabilizing forces of surface tension and gravitation [66].
A surface instability can lead to the development of liquid metal cones,’ which
could well serve as the microprotrusions needed to maintain the explosive
electron emission process. Figure 3.15 shows microprotrusions formed on a
liquid metal surface in a strong electric field [48]. Although this figure was
obtained by intense and quenched electron bombardment in a specially con-
structed electron microscope, similar conditions may occur on the surface in the
vicinity of an emission center because ions from the dense plasma bombard the
surface, corresponding to stage (i) of the fragment development.

Numerical modeling needs to include the temporal evolution (time is an
explicit variable) and, in order to keep the problem manageable, simplifications

5 Very sharp liquid metal cones (Taylor cones) are used in liquid metal ion sources
(LMIS) [67, 68] where field evaporation and ionization occurs for use in focus ion
beams (FIBs), for example. However, the polarity of those devices is opposite to our
cathodic arc configuration, and the currents are in the range of hundreds of nA per tip,
i.e., many orders of magnitude less than arc currents.
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Fig. 3.15. Microprotrusions formed on a liquid metal surface in a strong electric field.
This photograph was obtained in a scanning electron microscope where a plane copper
surface was placed in a field of 107 V/m and exposed to plasma flow, which provided
intense heating that led to surface melting. When the flow was terminated, the surface
profile quenched, allowing us to observe quenched microprotrusions. (From [48])

are done in terms of geometry, for example by assuming a slender cone with given
material properties. The explosive stage was shown to be consistent with a time
regime of 1-10 ns, peak current density of up to 10'* A/m?, and surface field at the
tip of the cone of up to 10'° V/m [69], although there is evidence for even higher,
transient current densities in the sub-nanosecond time regime and much lower
values when looking at “most probable” quantities [70]; this wandering over
several orders of magnitude is re-considered in the fractal model, Section 3.5.

Numerical simulation using a time-dependent, two-dimensional hydrody-
namic model indicated that the current distribution at the end of the explosive
stage is ring-link, rather than peaked in the center of the emission site [71, 72]. In
the absence of a transverse magnetic field, any place on the rim of the newly
formed crater could turn into a new, active emission site, whereas the current-
carrying ring is not symmetric when the plasma above the emission site is bent by
the transverse magnetic field. This asymmetry can contribute to the non-iso-
tropic probability for igniting new sites of type 2 spots.

3.4.9 Explosive Electron Emission on a Cathode with Non-metallic Surfaces

Turning to surfaces with non-metallic (e.g., oxide) layers, one should recall that
a microexplosion occurs when the rate of specific energy input, dw/dz, is much
greater than the maximum rate of heat removal. This condition does not
necessarily imply a conical shape of the emitting surface. More importantly,
the rate of rise of local temperature must exceed a threshold value. By limiting
the explosion time to less than 100ns (a reasonable though arbitrary value),
Abbaoui and co-workers [73] calculated for a range of materials that the power
density must exceed about 5 x 10'> W/m? otherwise the phase transitions will
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not occur. Simulating local power input with a focused, 20-ns pulsed laser beam,
Vogel and Hoft [74] found that about 2 x 10'" W/m? are need to obtain localized
melting; however, in order to produce craters that look like arc craters one needs
a power density in the range 10'*-10"* W/m?,

As discussed in previous sections, the presence of non-metallic layers pro-
foundly changes the electronic structure of the surface. The work functions can
be lowered, which is important because electron emission depends on the work
function in a highly nonlinear manner. If there is insulating material on the
surface, it will charge up under ion bombardment and create strong field within
the insulator, which in turn can lead to the enhancement of electron emission
and thermal runaway at some locations. (Similar processes can also occur on
negatively biased substrates leading to “arcing,” and the topic is therefore picked
up again at the beginning of Chapter 9.)

The rate of surface charging, field enhancement, and emission onset can be
very fast, which can be more important than the absolute energy input, as was
expressed in (3.63). It is conceivable that several emission centers may switch on
nearly simultaneously. Such multiple centers are electrically in parallel, hence
share the total arc current and the same total voltage drop. They “compete” for
current and energy dissipation. In the average, emission centers in this situation
will have less current per center, in agreement with observations. Emission
centers that have high impedance will have less current and less heat dissipation
and in absolute terms may not maintain the rate of rise required to fully form
explosion craters: such centers will stop producing phase transition of cathode
material, they will “die” in an early stage. Indeed, electron microscope pictures
of arc traces on “contaminated” (i.e., non-metallic) surfaces show craters of type
1 spots dispersed over the cathode surface, with a large number of small and very
small craters (diameter ~ 1 pm and less, Figure 3.14left). In this picture, the
“death” of an emission site is associated with the ignition, presence, and compe-
tition of other emission sites. This is consistent with the observation that spots of
type 1 have faster apparent motion, need less voltage to ignite, erode less cathode
material, emit less light, and produce a plasma that contains metal and non-
metal species.

3.5 Fractal Spot Model

3.5.1 Introduction to Fractals

Cathodic arcs show many features that suggest to model cathodic spot phenom-
ena using the well-known theory of fractals [75, 76]. For example, random walk
of cathode spots was discussed in the 1980s [77, 78], 1/f-noise of ion current has
been found in the late 1980s [79], arc traces by the spot’s random walk showed a
fractal dimensions of about 2 [80], and self-similarity in the patterns of emitted
light was recognized [81, 82]. As has been argued in a recent publication [3],
fractal features are not superficial but fundamental to the nature of cathode
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spots. After reviewing all evidence, one can agree with Mandelbrot’s sentiment
quoted at the beginning of this chapter.

With this motivation, let us start with a brief introduction to the world of
power laws, random colored noise, and fractals.

Many laws in physics are linear and periodic and show invariance to additive
translation. However, not all physical phenomena can be described in this
manner; in fact, a great number of phenomena are nonlinear, aperiodic, and
chaotic. In the 1980s, a branch of mathematics and physics started to flourish:
the science of deterministic chaos and self-similar structures, dubbed “fractals”
by Benoit Mandelbrot [75]. Fractals are mathematical or physical objects invar-
iant to scaling, which makes them “self-similar” to multiplicative changes of
scale. A self-similar object appears (approximately) unchanged after increasing
or decreasing the scale of measurement and observation. Self-similarity may be
discrete or continuous, deterministic or probabilistic.

Power laws are an abundant source of self-similarity [76]. Consider the
homogenous power law

S(x) = ex® (3.67)

where ¢ and « are constants. It is self-similar because rescaling (i.e., multiplica-
tion with a constant) preserves that f{(x) is proportional to x® albeit with a
different constant of proportionality. A fruitful approach to fractal modeling
is to look for power laws describing the physical phenomena.

Self-similarity can be mathematically exact and infinite or only approxi-
mate and asymptotical. The latter applies to the physical world, and scaling
cutoffs exist at the small scale and large scale. Mathematical objects are strictly
self-similar with infinite scaling; they are often named after their “inventors”
and have sometime colorful names, like Cantor sets, Julia sets, Koch flakes,
Sierpinski gaskets, Mandelbrot trees, Farey trees, Arnold tongues, Devil’s stair-
case [75, 76, 83].

Fractals can be characterized by dimensional measures, such as the Hausdorff
dimension (named after Felix Hausdorff, 1868—1942). The fractal dimension is
often non-integer and smaller than the embedding topological dimension. To
illustrate the concept, Mandelbrot [75] used the now-classical question “How
long is the coast of Great Britain?” The essence of this consideration is repro-
duced here, having in mind that the question of current density and other
parameters should be considered in the same way. Mandelbrot showed that
(i) the answer depends on the scale length of measurement and (ii) different
coastlines have different values for the fractal dimensions, depending on their
“ruggedness.” More detail is revealed by “zooming in,” therefore, the finer the
scale unit r, the longer the apparent coastline length L. If the coastline is self-
similar, a power low can be found connecting the measured length L(r) with the
measuring scale unit r:

L(r) o< 17, (3.68)
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where £ <0 if L increases as r decreases. In contrast, if the coastline was smooth,
the measured length should approach an asymptotic value when a smaller scale
is used, L is finite as r — 0, hence ¢ = 0. The Hausdorff dimension
. logN
D = lim 22N (3.69)
r—0 10g( 1 /}")

can be introduced, where N(r) is the minimum number of circular areas of
diameter r needed to cover the coastline. In this example, N(r) = L(r)/r, leading
to

D=1-¢. (3.70)

Because € <0, D will exceed 1, which can be intuitively interpreted as a dimen-
sion because a coastline is more than a one-dimensional object (straight line) and
less than a two-dimensional object (filled area). Coastlines with only few bays
and points have D just little over 1, while rugged coasts such as the coast of
Britain or Norway exceed 1 significantly.

Fourier transform of stochastic, fluctuating data often reveals that the Four-
ier power spectrum follows a power law

F(f) ~ 1/f*, (3.71)

where f stands for frequency. According to convention, the exponent « deter-
mines the color of random colored noise (RCN, [84]). The noise is white for
a = 0(i.e., it does not depend on frequency); o = 1 describes pink noise, which is
often found in physical systems of self-organized, barely stable structures [85];
« = 2 is brown (hinting at a relation to Brownian motion); and a>2 refers to
black noise observed in self-similar systems that tend to have positive feedback,
like the stock market.

3.5.2 Spatial Self-Similarity

The connection between discharge phenomena and fractals is well established
for branching and treeing of the conducting plasma channels in lightning and
Lichtenberg figures (Figure 3.16). Crystal growth by diffusion-limited aggrega-
tion (DLA) leads to structures that look very similar to Lichtenberg figures as
well as spot traces obtained by high-current pulsed arcs. Therefore, it appears to
be instructional to consider well-established modeling of DLA.

In DLA, a single molecule performs a random walk until it bonds to an
aggregate; it gets “stuck” and provides an attachment site for the next molecule.
A kind of dendritic growth is observed because the molecule has a greater
probability to attach near one of the tips of the fractal cluster than in the “fjords”
[76, 87]. Different sites have different probabilities for attachment, and the
probability for attachment decreases with increasing depth inside a “fjord.”
Figure 3.17 shows a simulation of a DLA growth cluster (left) and the points
of enhanced attachment probability (right) [87]. Lichtenberg figures and
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Fig. 3.16. Lichtenberg figure: a pulse discharge on the surface of an insulator [86]

multi-spot arc traces have similar shapes, which is not accidental because all of
these phenomena are governed by the Laplace equation for a potential. In DLA,
the cluster is an equipotential surface and the gradient of the potential corre-
sponds to the diffusion field. In discharge physics, the tips of a growing Lichten-
berg figure and ignition locations of a developing multi-spot arc have the same
potential due to the high conductivity of the plasma channels.
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Fig. 3.17. Simulation of a DLA growth cluster (/eff) and the points of enhanced attach-
ment probability (right) [87]
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It should be noted that a multiplicative random process on a fractal, rather
than on an interval, leads to a multifractal spectrum, a concept now widely used in
turbulence research. Diffusion-limited aggregation is one example of a multi-
fractal[76], and one should expect to discover multifractal properties for arc spots.

One of the early works on spots and fractals is by Siemroth, Schiilke, and
Witke who recognized self-similarity in at least four levels of spatial resolution
[81, 82]. According to their work, one might distinguish group-spot level, macro-
spot level, microspot level, and crater level and find self-similar features in each
of those levels. In this chapter, and throughout the book, it is argued that the
fractal cathode-spot model is fundamental both for spatial and temporal phe-
nomena, while elementary processes like explosive events (ectons) represent the
lower cutoff for self-similar description in time and space.

Stochastic self-similarity exists not just because we can “zoom” with different
resolution and find similar spot appearance; rather, the stochastic but field-
dependent (deterministic) nature of spot ignition provides a physical basis for a
fractal model of cathodic arc spots. By incorporating the “quantum” of explo-
sive emission (ectons) as the cutoff limit and considering stages of spot develop-
ment, the ecton model and vapor ionization model can be reconciled with
observations on both short and long scales of time and space.

It should be noted that the non-zero, finite lifetime of excited states presents a
fundamental limit to “zoom in” with optical emission methods. The location of
de-excitation processes, in which observable photons are emitted, is shifted with
respect to the location of excitation, and therefore there is a fundamental limit of
resolution using emission methods [88-90]. Images of emission centers show a
diameter of typically 100 pm or larger, even when the optical resolution is a few
micrometers, while the diameter of the underlying erosion crater may be just a
few micrometers or less. Of course, this has implication for the limits of current
density measurements [88-90]. Going beyond that, the non-zero lifetime of
excited states represents a lower observation limit (cutoff) for the fractal cathode
spot when observed by optical emission methods.

Self-similarity can also be found in traces left by cathodic arcs. This includes
macroparticles left by the arc on surfaces which were in line of sight with the
cathode. Macroparticles are discussed in Chapter 6, and here it is only pointed
out that size distribution functions are power laws extending over several orders
of magnitude, exhibiting a self-similar (fractal) property: An observer looking at
electron microscope photographs of macroparticles would not be able to decide
which magnification was used in making the images.

3.5.3 Temporal Self-Similarity

Practically all cathode-spot parameters show fluctuations. Whatever we mea-
sure, e.g., voltage, light emission, particle fluxes, and ion charge states distribu-
tions, we always see “noise.” One may argue that there are exceptions, for
example the arc current may appear rather constant. This is an artifact of the



3.5 Fractal Spot Model 119

circuit that occurs when the circuit impedance is much greater than the impe-
dance of the arc plasma.

By measuring spot data with increasingly higher temporal resolution, one
would “zoom in,” just like one could look at coastlines with increasingly higher
spatial resolution. Analogously, one might find fractal features in the time
domain, known from time series analysis. Figure 3.18 shows an example of
time-resolved light emission from a copper vacuum arc. Similarly looking curves
can be obtained with different time resolutions and from different physical
quantities, such as ion current collected by probes or shields.

In the late 1980s, Smeets and Schulpen [79] studied the correlation of light
emission and ion current signals for low-current copper arcs. Taking time-of-flight
of ions into account they found that high-frequency fluctuations of voltage and
ion current were correlated, while the average light intensity was proportional to
the arc current. Fast Fourier transform (FFT) of noisy ion current signals did not
reveal distinct peaks, indicating that the measurements did not reach the lower
cutoff. The FFT spectrum showed a 1/f~character for the spectrum up to about
15MHz and approximate “white” noise for faster fluctuations (Figure 3.19).
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Fig. 3.18. Example of time-resolved light emission from a copper vacuum arc; the curve
is a representative of time-resolved data with fractal character. Similar curves can be
obtained on changing the time resolution [88]
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Fig. 3.19. Fast Fourier transform (FFT) of noisy ion current signals [79]; the spectrum
does not reveal distinct peaks but has 1/f character up to 15 MHz
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Unfortunately, their display of data was linear and it is hard to judge how well the
noise was indeed represented by a 1/f dependence. The slope of a power law, if
present, is much easier to find when data are displayed in log-log presentation.
Furthermore, they did not explicitly distinguish between Fourier amplitude and
Fourier power spectrum but we may assume that they referred to the amplitude
spectrum. The corresponding power spectrum would be ~1/f* with « =~ 2, i.e.,
brown noise.

Using more recent data [91], random color noise (RCN, [84]) was found within
the physically meaningful frequency interval. Most data curves show three
characteristic segments. There was white noise at high frequencies. At inter-
mediate frequencies, a RCN slope of o> 1 was found. Many curves had a kink at
lower frequencies, giving 0 <« <1, which should be disregarded, as discussed
below. Figure 3.20 shows such curve for the noise of Cu ions for a pulsed vacuum
arc.

White noise at high frequencies is possibly due to ion velocity mixing [91], that
is, all information from emission sites is mixed because faster ions overtook
slower ions on their way from the cathode to the ion collector. “Scrambled”
information would result in white noise. In the case of carbon, Figure 3.21, the
segment of white noise is particularly pronounced. Carbon ions are lighter and
faster than other metal ions, and the effect of velocity mixing could be more
pronounced. However, research is still ongoing; white noise can also be caused
by measurement limitations, in particular when the amplitude of the noisy signal
approaches the noise of the measuring system itself.

At low frequencies, the curve is quite uncertain due to insufficient data.
Mathematically, because we deal with a finite discrete sample of data, the limits
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Fig. 3.20. FFT ofion current for a copper vacuum arc pulse. One can see the approximate
power law in the physically relevant interval. (From [3])
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Fig. 3.21. FFT ofion current for a carbon vacuum arc pulse, which is similar to the copper

case, Figure 3.2, but white noise extends to lower frequencies. (From [3])

of discrete Fourier transforms (DFT) apply: The inverse of the sampling period
represents a lower limit to the resolution of the transformed data, and the upper
limit is half of the sampling interval (Nyquist sampling theorem). Only few data
points contribute to the lower frequency part of the FFT curve, and therefore it
should be disregarded.

More research is needed to really learn what information can be extracted
from the RCN segment of such FFT curves. So far, one can see that the relevant
segment appears close to brown noise, an indication for the relation to Brownian
motion of spot ignition. One should note that the greater the color coefficient
the more one is tempted to search for “characteristic” frequencies or time
intervals. For example, emitted light appears to have same smaller peaks and
valleys and larger peaks and valleys suggesting periodicity [88, 92]. Beilis and co-
workers [92] identified brightness fluctuations for copper arcs with intervals of
17£3 ps. However, Fourier analysis with sufficient data is needed to determine
whether the peaks and valleys are periodic or stochastic.

The arc voltage is an especially suitable parameter to research cathode
processes because it reflects them in a less distorted way than ion current or
most other parameters. This is because phase mixing, as it is prevalent with ion
currents [91], or “smearing out” of emitted light due to finite, non-zero lifetime of
excited states [88] does not play a role. Using voltage noise, the signal generated
by the cathode processes can be recorded with maximum fidelity, only limited by
the bandwidth of the recording circuit.

Using a coaxial arc discharge arrangement and broad-band voltage divider
and attenuator measurements, the FFT of arc burning voltage was determined
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Fig. 3.22. FFT of the burning voltage for eight cathode materials. One can clearly see the
power law describing brown noise (spectral power ~1/f?) (after [215]). The FFT of the
measuring system noise (no arc) is also displayed

with maximum resolution possible [93]. Figure 3.22 shows the result for eight
cathode elements. As with ion current, one can recognize the 1/f? character in
the power spectrum, i.e., the voltage noise has fractal character which can be
associated with Brownian motion of spots (see next section). The differences
between materials will be considered in Section 3.7.

3.5.4 Fractal Character and Ignition of Emission Centers

While fractal character results from many stochastic events, research of ele-
mentary processes requires reducing (avoiding) the superposition of spot
fragments and ignition events, and hence research was done with the smallest
current possible. In a careful study with very small arc currents, Puchkarev and
Murzakaev [94] found a correlation between voltage fluctuation and appear-
ance of erosion craters. Figure 3.23a shows a track of erosion craters with a gap
between one crater and a chain of craters. In this particular event, the gap
could be associated with a spike in voltage (Figure 3.23b). The interpretation is
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Voltage (50 V/div)
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Fig. 3.23. Track of erosion craters with a gap between one crater and a chain of craters
(top). In this particular event, the gap could be associated with a spike in voltage (bottom).
(After Puchkarev and Murzakaev [94])

as follows: After an explosive event, which created the crater, the emission
center ceased to produce plasma, the impedance of the discharge increased,
causing the voltage to rise up to the full applied voltage. One should note how
remarkably fast the production of plasma ceased. At this point, the arc might
have become extinguished (“chopped”). However, the increase in voltage
increased the field strength on the surface, which in turn increased the energy
of returning ions through acceleration in the cathode sheath, as well as emis-
sion of electrons, as explained at the beginning of this chapter. New emission
centers were ignited, and in this example the sequence of further ignition events
was rapid and practically uninterrupted.

This study supports what is intuitively clear: Ignition and “death” of emission
centers are related to voltage fluctuations, and ignition is affected by electric
field strength and ion bombardment heating. The momentary and local field
strength results from the combination of momentary voltage, local sheath
thickness (plasma density), and local field enhancement factors. Even if we
have for a moment a homogenous sheath, the cathode—sheath—plasma system
is not stable against changes caused by a local enhancement of electron emission
[95]; the electrons have a nonlinear feedback on local plasma density, sheath
thickness, and emission current.
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Fig. 3.24. A stochastic DLA model for spot ignition, originally developed by Niemeyer
and co-workers [96] to describe the formation of Lichtenberg figures. The dark spots at
the end of branches indicate active spots, while empty spots correspond to the potential
ignition sites

Suitable ignition sites may be distributed randomly or evenly over the surface
but the distribution of actual ignition events may be modeled using DLA-like
approach. In a first approximation, one may apply a simple stochastic DLA
model which was originally developed by Niemeyer and co-workers [96] to
describe the formation of Lichtenberg figures. As illustrated in Figure 3.24,
dark spots correspond to locations with plasma, having potential ¢ = 0, sur-
rounded by locations of potential ¢ = 1. The initial location of ignition is in the
center. Suppose the current is high enough to require several emission centers to
be active. They correspond to the tips of the branches coming from the center.
Empty circles indicate the locations where a new emission center could be
ignited. The dashed lines between full circles and empty circles symbolize pos-
sible bonds in the diffusion-limited aggregation or steps in Lichtenberg figures
or arc spot displacement. A probability can be assigned to each of those dashed
lines expressed by

.y n
plik— 1K) = _(or)” (3.72)

> (diw)"”

where the exponent 7 is introduced to adjust the relation between local field
and probability. For n = 1, the growth probability is directly proportional to
the local field, resulting in a fractal with Hausdorff dimension of about 1.75,
which is comparable with Lichtenberg figures (Figure 3.16) or arc traces of
spots (Figure 3.25).
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Fig. 3.25. Traces of arc spots observed on an oxide-coated metallic shield. Note the
similarity between Lichtenberg figures (like in Figure 3.16) and DLA clusters (like
Figure 3.24). The Hausdorff dimension is about 1.7

The model above introduces an important element to a more comprehensive
spot model: it conceptually connects the distribution of the ignition probability
with the local field distribution, which in turn resulted from previous ignition
events. This recursive relation to previous behavior is the basis for a fractal: the
result of the next step of development depends on the immediate previous
condition, which will be mentioned again as a Markov process in the discussion
of apparent spot motion. It will be argued that cathode-spot types, apparent
spot velocity, retrograde motion, and other spot effects can be described by a
stochastic fractal model for spot ignition.

Picosecond laser interferometry and absorption shadow imaging were used
by Batrakov and co-workers [97] to study plasma formation on a liquid metal
cathode. Using relatively small currents of less than 50 A, they observed spot
fragments and determined the plasma density to be of the order of 10°° m . The
same group investigated a capillary-type cathode of gallium—indium alloy using
resonant laser absorption imaging with the spectral lines of neutral vapor,
finding that fragments operate in a cyclic manner [98]. Such cyclic processes
would constitute the small-scale, fast-process physical cutoff for a fractal spot.

At even lower current, about 10 A, less emission sites are simultaneously
active. Therefore, the ignition of fragments and arc instabilities are best inves-
tigated at low arc currents. Low current conditions were selected by Tsuruta and
co-workers [99] showing that the voltage rises when the current drops, as one
would expect from models based on ignition of emission sites. Consistently, an
axial magnetic field does not help to stabilize the arc, rather makes it more
unstable, especially when the anode becomes magnetically insulated, i.e., when
electrons need to cross magnetic field lines on their way from cathode to anode.
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Explosive emission events excite a broad range of sound waves that propagate
in the solid cathode body and its surface. Techniques of acoustic surface waves
analysis are often used to determine Young’s modulus of coatings [100], and they
can also be used to learn about the processes at cathode spots. Laux and Pursch
[101] studied sound waves on graphite, carbon fiber reinforced carbon, and
stainless steel cathodes. They detected distinct frequencies in the power spec-
trum. Most of the sound modes showed strong damping demonstrating that the
nonlinear disturbance associated with the initial breakdown excited a wide
spectrum. They modified the electrode geometry to identify eigen-oscillations
of the cathode plate. So far, it was concluded that different disturbances during
the lifetime of the moving arc are reflected in different selections of sound eigen-
modes. This approach might deliver interesting information when coupled to
other diagnostic techniques.

3.5.5 Spots, Cells, Fragments: What Is a Spot, After All?

It was mentioned that the appearance of spots depends on the resolution of the
equipment used for observation. Every time equipment of higher spatial and
temporal resolution became available, new smaller and faster structures were
detected. This is particularly evident in the still ongoing debate on the current
density of cathode spots. In the framework of a fractal spot model, one has to
recognize that there is no single value, or even single peak value, of current
density. Figure 3.26 illustrates the debate on current density over the decades;
the presentation was originally shown with a wink in the 1980s but can now be
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Fig. 3.26. Measurements of current densities of cathode spots: different measuring app-
roaches gave different results, and with the availability of higher resolution equipment,
smaller structures (hence higher current densities) were claimed. The debate loses most of
its contention when the spot is seen as a fractal object
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reinterpreted via the fractal approach. In this sense, the quest for the current
density is comparable with the now-famous quest for the “true” length of
coastlines.

Cathode spots are often discussed as if they were circular with a uniform or
peaked current density. As early as in the 1960, Kesaev [57] postulated the exis-
tence of a substructure of “cells” within each cathode spot. Harris [102] considered
cells to explain the retrograde motion of cathode spot. Modern, high-resolution
imaging techniques such as pulsed laser absorption photography [103, 104],
pulsed laser interferometry [105], and high-speed image-converter photography
[90, 106-108] confirmed a substructure within each spot. Much research has
focused on finding the smallest spatial structures and fastest temporal events
below which magnifying or “zooming” would not reveal self-similar structures.
Many researchers believe that at the scale of crater dimensions and nanosecond
explosions, the lower cutoff of self-similar scaling has been reached. That,
however, remains to be shown by future research. So far, ever smaller structures
have been identified when increasing the resolution [109]. Well-defined plasma
jets ejected by plasma instabilities from within a cathode spot [110] indicate that
even finer structures may exist at even shorter timescales (see also section on
retrograde motion). These smallest units of explosive events would represent
ectons, which were introduced before.

These arguments are supported by the highest resolution pictures available to
date. Figure 3.27 shows a cathode spot consisting of two fragments imaged for
10 ns by an image-converter camera [108]. The highest resolution photographs
indicate that each of the fragments may have a substructure or they are highly

Cu, 30 A, 10 ns

50 um

Fig. 3.27. Image-converter photograph of a cathodic arc type 2 spot on copper at a current
of 30 A. The spot consists of two fragments. The short exposure time of 10 ns suggests that
the two fragments exist simultaneously, rather than subsequently. Their irregular form is
indicative for either a further, finer substructure or dynamics occurring within the 10-ns
exposure. (From [108], Figure 4.13)
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Fig. 3.28. Laser absorption photograph of a cathodic arc type 2 spot on copper at a
current of 90 A, clearly showing substructure of what normally appears as a single
spot. The laser pulse length (picture exposure time) was 400ps. The gray scale
represents the degree of laser light absorption (originally color coded). The electrode
shape was added by image processing. (From [103])

dynamic emission centers, showing local displacement within nanoseconds. This
kind of imaging reaches the physical limits that are given by the finite (non-zero)
lifetime of excited levels. The emission of photons that are registered with the
image-converter camera result from fast moving atoms and ions, and the loca-
tion of photon emission (de-excitation) is shifted with respect to the location of
excitation. To circumvent this limitation, absorption techniques using short
laser pulses can be used. Figure 3.28 is an example of a laser absorption photo-
graph of a cathodic arc type 2 spot on copper for a discharge current of 90 A with
an exposure time of 400 ps [103]. It shows a diverse distribution of densities in a
region that one would characterize as a single spot if judged by light emission.
Similar results were obtained using even shorter “exposure time” of 100 ps in
laser absorption photography [70].

The simple question “What is a cathode spot?” does not have a simple answer
but the definition “A cathode spot is an assembly of emission centers showing
fractal properties in spatial and temporal dimensions” captures the essential
elements. The terms spot fragment, cell, and emission center are used synony-
mously. Each ignition event and resulting emission center may be described as
an elementary step, corresponding to a sequence of emission stages, which
includes the explosive or “ecton” stage in Mesyats’ framework. The assembly
of fragments exhibits fractal properties, and the individual steps are the small-
scale, short-time cutoffs of spatial and temporal self-similarity.

3.5.6 Cathode Spots of Types 1 and 2

Cathode-spot types 1 and 2 have already been introduced in Sections 3.4.8 and
3.4.9. Here we return to this topic because the surface effects are among the most
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critical for cathodic arcs, and their role has been re-discovered several times.
Apparently, they deserve special attention and need to be brought in perspective
for the fractal approach to arc spots.

Systematical studies started in the middle of the twentieth century trying to
nail down the links between phenomenological appearance and underlying
microscopic processes. Among the first reported observations where those by
Dryvesteyn, Suits, Hocker, and Cobine. Dryvesteyn [111] realized that the
formation of an insulating film, such as an oxide, allows charge to accumulate
on the surface, thereby enhancing the electric field strength. Suits and Hocker
[112] and Cobine [113] investigated the glow-to-arc transition. They found a
large element of randomness on the one hand but a clear influence by the
presence or absence of an oxide layer. Looking at relatively small arc currents
in the range 1-10 A on a copper cathode, reduction of the oxide layer with
hydrogen plasma forced the random arc to return to a high-current glow mode
[112]. The observation that either the arc or glow mode is preferred, depending
on the surface conditions, was also confirmed for other cathode materials, such
as Cd, Fe, Al, and Zn [113].

The distinction between cathode-spot types 1 and 2 was introduced in the
1970s when the role of surface contamination and surface condition on spot
formation and operation was systematically investigated [114]. The availability
of electron microscopes for the investigation of arc traces was certainly an
important factor. The association with numbers “1” and “2” can easily be
remembered by recalling that the erosive action of the cathode spot effectively
cleans the cathode surface. Spot operation starts with type “1” on a contami-
nated surface, which is initially always present (unless the system was treated in
ultrahigh vacuum), and it switches to type 2 when surface contaminations are
removed by action of spot operation.

There are numerous phenomenological differences between type 1 and 2
spots, as becomes obvious by in situ optical and electrical observations as well
as by postmortem examination of the cathode in an electron microscope [65, 80,
115]. Spot type 1 appears dim compared to type 2; the velocity of the plasma
front and the apparent spot motion are much greater for type 1. The arc voltage
and cathode material erosion is smaller for type 1. The average current per spot
is much smaller for type 1 spots; at small current, spot type 2 may not operate at
all. This also explains why the discharge went to the glow mode rather than
transitioned into type 2 in the 1930s’ experiments mentioned before [112, 113].
When the cathode is examined in an electron microscope one clearly recognizes
that craters left by type 1 spots are much smaller than craters of spot type 2 [65,
116]. Spot type 1 craters are isolated and spread apart by many crater diameters,
whereas spot type 2 craters are larger and next to each other, forming character-
istic chains of craters [117]. In the presence of an external magnetic field, arc
craters are aligned in a band of well-separated craters for type 1, and in a more or
less linear chain of craters for type 2, as illustrated in Figure 3.14. Table 3.5
summarizes some phenomenological differences between type 1 and 2 spots.
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Table 3.5. Phenomenological, qualitative differences between type 1 and 2 spots. All
statements should be seen as relative for a given cathode material; due to large variations
between cathode materials, absolute values are not given here

Type 1 Type 2
Surface conditions Contaminated (i.e., oxide) Clean (metal)
Apparent brightness Dim Bright
Typical crater diameter Small Large
Crater appearance Separate from each other Adjacent to each other
Apparent spot velocity High Low
Cathode erosion rate Low High
Relative ease of arc triggering ~ Easy Difficult
and burning
Chopping current Low High
Plasma composition Metal and gas (hydrogen, Metal only
oxygen, etc.)
Average ion charge state Low High
Relative amplitude of Low High
fluctuations

Cathodic arc investigations before the 1960s were usually done with type 1
spots because typical vacuum conditions did not allow for clean, metallic
surfaces. However, since the arc spots remove material hence performing
in situ cleaning, it is possible, or even likely, that transitions to type 2 spots
occurred when the arc duration was long and the vacuum conditions were
reasonable. Results of early work must therefore be judged with some caution
since the type of operation may not be clear. In the newer literature, research-
ers have become aware of the importance of surface conditions, and often the
type is clearly defined [115, 118]. In fact, most cathode-spot research after
1980 focused on spot type 2 observed on clean surfaces, because only here
reproducible results could be obtained. In the other case, the nature of the
surface contamination or coverage needed to be characterized, which made
the task much more difficult. Worse, even if one was successful in character-
izing the cathode surface conditions prior to the occurrence of a cathodic arc,
the erosive cleaning action will change the surface rapidly in a manner that
will depend on numerous factors, some of them difficult to control. Among
these factors are the residual gas pressure and gas species, pumping speed,
nature of cathode material, and cathode temperature. Great progress has been
made in measurement and modeling of cathode spots of type 2 because the
existence conditions are well defined.

For spots of type 1, relatively little has been done because the task is daunting
due to the large variety of surface conditions possible. For the purpose of
cathodic arc coatings, reactive gases (often nitrogen or oxygen) are commonly
introduced in the deposition chamber, and the measurements and models for
spot type 2 are only of limited value. In practical coating systems, containing
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reactive gas, arc spots most likely work primarily via type 1 or a mixture of type 1
and 2 spots. Much research remains to be done to clarify spot processes under
the conditions of reactive deposition. Szente and co-workers [119-121] have
done pioneering research in this direction. Among other results, they found
that the cathodic arc on cleaned copper electrodes operates with spot type
2when high-purity argon is present; however, the copper erosion rate was
drastically reduced by the addition of only 1% of nitrogen and was further
reduced as the nitrogen content increased in the gas mixture. The decrease was
found to be correlated to an increase in arc velocity [119], clearly indicating a
change to type 1 spots.

3.5.7 Cathode Spots on Semiconductors and Semi-metals: Type 3

Cathodic arcs require that the cathode has sufficient conductivity to carry the
arc current, which is often 50 A and higher. If the conductivity is too low, high
voltage drops and associated high ohmic losses would occur in the cathode.
Therefore, as a rule, cathodic arcs are limited to metals. A number of sufficiently
conducting semiconductors and semi-metals have successfully been used, includ-
ing highly doped Si and Ge, graphite, hot boron, and boron carbide. The
appearance and mechanisms of cathode spots on these materials are modified
compared to operation on true metals.

One important phenomenological difference is in the apparent spot velocity,
which is much smaller than on metals; in fact, the arc spot has a tendency to stick
to the same location for considerable time. Using a far-distance microscope,
Laux and co-workers [122] observed this spot behavior in situ on B4C, and the
observation is supported by cathode erosion profiles. Experiments with a gra-
phite cathode often show deep holes that relatively stationary spots have “dug”
into the cathode.

It seems to be clear that the temperature dependence of the electrical con-
ductivity plays an important role since, in contrast to ordinary metals,

dp

a7 <0, (3.73)
i.e., the higher the local temperature the lower the local resistivity. While this
may contribute to stabilizing the spot, thermal conductivity will also occur here,
increasing the spot area and decreasing the power density until it is insufficient
for cathodic arc operation. Because the appearance of spots on semiconductors
and semi-metals is quite different compared to type 1 and 2 spots on metals, one
may assign the term “type 3” to arc spots on non-metals.

Using his model of cathode layers, Beilis [123] formulated a system of time-
dependent equations and applied it specifically to graphite. Spot parameters
varied strongly when the spot lifetime was assumed to be shorter than 10 ps. In
the case of graphite, Joule heating in the cathode body is significant and may
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exceed cathode heating by the ion heat flux, which is contrary to conclusions for
metals found by Jiittner [107].

The physical properties of graphite can vary widely depending on the manu-
facturing procedures. Kandah and Meunier [124] found that the cathode-spot
velocity is higher on graphite of large grain size, low electrical resistivity and high
density, small pore size and less porosity.

Arc spots on hot boron (heated up to 1,000°C) have been investigated by
Richter and co-workers [125] using fast framing photography, mass spectro-
scopy, and ion energy analysis. They detected an extended molten area on the
cathode surface in which cathode spots move. The ions emitted were B™ and
B?" with kinetic energies up to 90 eV, indicating that the fundamental character
of the emission sites is cathodic, as opposed to thermionic, although the spot
motion is distinctly different (slower) than on metals.

3.5.8 Arc Chopping and Spot Splitting

Many experiments have shown that there exists a minimum arc current needed
for stable, self-sustained arc operation. Discharge currents lower than what is
called the “chopping current” will lead to spontaneous extinction of the arc.
A minimum current is required to ensure sufficient plasma production, which
ensures a very high likelihood of ignition of a new cathode emission center when
the power density at the active center has dropped. Such “minimum arc main-
tenance value” was already known in the early twentieth century for the con-
tinuous operation of mercury arc lamps [126]. This minimum current depends on
the cathode material as well as on the surface state of the cathode. For example,
the chopping current for pure titanium is about 50 A [127]. Electrode materials
developed for vacuum arc switches, such as CuCr, CuW, and AgWC, show very
small chopping currents of order 1 A [128], which is important in order to
minimize the induced voltage. High induced voltage could cause re-ignition of
an arc and failure of the switching event.

Going in the other direction of higher currents, it was found that the amount
of plasma produced is directly proportional to the arc discharge current. Inter-
estingly, other parameters such as burning voltage, average ion velocity, and
mean ion charge state show only small changes with increasing arc current.®
This may be surprising at first sight but it becomes plausible if one considers that
higher currents lead to “spot splitting.” Spot splitting means that a larger number
of simultaneously active emission sites exist, proportional to the arc current,
where each of the spots maintains approximately the same operational mechan-
ism and carries about the same average current [92]. The literature, in most cases,

® This is not true for very high currents, e.g., arcs with currents in the kiloampere region,
when anode activity occurs and when the magnetic self-field cannot be neglected.
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refers here to current per “spot” and it is likely that each spot is an assembly of
fragments or emission sites, as discussed before.

3.5.9 Random Walk

The spot plasma or the spot “itself” does not move on the surface but it is the
location of ignition that moves. Therefore, although the term spot motion is
intuitive and reflects a phenomenon that can be visually observed, it is rather
abstract because this motion should always be understood as a sequence of
ignition and extinction of active emission sites.

Random walk [129] is generally introduced by assuming that a “particle” (the
spotin our case) starts at the origin (the location of first ignition) and takes a step
of length s in a random direction specified by the vector n, with |n| = 1. The
position after N steps is Ry. In the next step,

Ry:1 =Ry +sm, (3.74)
with Ry = 0. Taking the average over many trajectories,
(Ry+1) = (Ry) + s(m) = (Ry) (3.75)
because (n) = 0. This leads to
(Ry) = (Ro) = 0. (3.76)

This result was expected because there is no preferred direction, therefore the
average over many test walks of our “particle” must be the starting point.

Looking at a trajectory of a walk after N+ 1 steps, the spot has reached a
distance squared from the origin

IRy;1°= |[Ry|*+5* + 2sn Ry (3.77)
and averaged over many trajectories,
(Ryal) = (Ry”) + 5% + 2s(nRy). (3.78)

The directional unit vector n is not correlated with Ry and therefore
(nRy) = (n)(Ry), which together with (n) = 0 turns (3.78) into

<|RN+] \2> - <|RN|2> g (3.79)
and with Ry = 0 one obtains
<|RN|2> = N&. (3.80)

Thorough investigations by Schmidt [130], Daalder [78], and Hantzsche and
co-workers [77] established that in the absence of an external magnetic field, spot
motion may be modeled as random walk. One may assume that each displace-
ment occurs in a small elementary step, s, which takes an average elementary
time t. When considering a two-dimensional random walk (i.e., on a surface), the
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probability P(R) for a total spot displacement to be in the interval (R, R+ dR),
with R = |R|, measured from the starting point, is given by [131]

P(R)dR = R X R dR for > (3.81)
T2p P\ Tapg )T '

The function P(R) is also known as Raleigh distribution. The diffusion constant,
D, contains the parameters of the elementary step:

1s?

=17

The diffusion constant is material dependent, for example Jiittner found experi-

mentally D = (2.340.6) x 1073m?/s for copper [107] and D~ 103m?/s

for molybdenum [132], and Beilis and co-workers [92] determined

(140.3) x 1073m?/s for copper and (44 1) x 10~*m?/s for CuCr contact
material.

The mean value for displacement is

(3.82)

(R) = J R P(R) dR = (nD1)'*= ;\/;Z (3.83)
0

and the observable, apparent spot velocity is

_dR) 1 [aD s =
Vspm - 7 - E T - Z \/; (384)

From (3.84) one can see that the spot velocity decreases as the observation time
increases, which is a consequence of the random nature of this motion.

At this point it should again be emphasized that this motion is apparent and a
velocity is only defined in the sense of “smearing out” elementary steps and
considering changes of R for long observation times: ¢ >>t. Strictly speaking,
elementary steps are associated with ignition events, and therefore this “motion”
does not have a derivative, hence a velocity in the usual sense is not defined.

The assumption of an elementary step s deserves further critical review. Based
on analysis of arc traces on clean metal surfaces (spot type 2), Hantzsche and co-
workers [77] suggested using the mean crater radius as the elementary step
length. The assumption is justified by the appearance of crater chains, though
its general validity was disputed by Daalder [133]. He also questioned whether or
not there are two distinct cathode mechanisms, one producing craters adjacent
to each other, associated with spot type 2, and another producing clearly
separated caters, typical for type 1. Using the fractal approach to spot phenom-
ena, this dispute loses its relevance because the issue is reduced to a probabilistic
distribution of ignition of emission centers. In this picture, the step length isnot a
constant, as assumed in a simple random walk model. In particular, the dis-
tances between ignition locations (corresponding to grid nodes in a random walk
model) can be large or very small.
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The displacement dynamics of random walk can be modeled using a prob-
abilistic approach with application of simple ad hoc displacement rules for
ignition of new emission centers on a two-dimensional grid. Such a model was
developed by Coulombe [134] for high-pressure arcs, though some of the findings
are applicable to vacuum arcs as well. The model predicts a power law signature
of the frequency power spectrum, (3.71), where the exponent o depends on the
large-jump probability. For the condition simulated [134], the exponent varied
from o = 0 for smooth diffusion conditions (no jumps to distant grid nodes)
to = 1.6 for a 0.9likelihood of ignition far from the active emission site.
The appearance of a power law is again a signature of fractal behavior.

Analyzing the 50-A arc traces on an aluminum film, which are qualitatively
similar to arc traces on oxidized surfaces (like Figure 3.25) or Lichtenberg
figures, Anders and Jiittner [80] found a fractal dimension of 2within 5%,
which is the expected dimension for two-dimensional Brownian motion.

The well-known Brownian motion is the scaling limit of random walk. This
means that if random walk occurs with very small steps, s — 0, random walk
becomes an approximation to Brownian motion. Often, to make modeling and
computation more efficient, Brownian motion is approximated by a random
walk. Random walk is a discrete fractal exhibiting stochastic self-similarity on
large scales, but self-similarity is cut off as scales approach the elementary
step width 5. Brownian motion in two dimensions is a true fractal showing self-
similarity on all scales. Brownian motion has the fractal (Hausdorff) dimension 2.

By superimposing a narrow Gaussian distribution of light intensity on a plasma
emission center making a random walk, it was possible to simulate the light
emission patterns observed from cathode spots [88]. A physical interpretation for
a Gaussian distribution is based on the finite (non-zero!) lifetime of excited levels of
atoms and ions. The location and size of the rapidly expanding plasma of an
emission site is observed by photons, many of them originating from bound—bound
transition of ions and atoms (e.g., for copper [135]). The longer the lifetime of
excited levels, which is especially important for long-living metastable levels, the
further the distance between excitation near the spot center and de-excitation in the
expanding plasma, and therefore the broader the Gaussian distribution.

3.5.10 Self-Interacting Random Walks

In a random walk, the next position depends only on the current position of the
“walker” (the emission site). The random walk has no memory of all other
previous positions, i.e., walk history. Such process is called a first-order Markov
process [76]. Provided that cathodic arc processes occur on clean metal surfaces,
such as well-arced cathodes, all sites next to the active site have approximately
the same probability to serve as the next emission site, and the walk may be
modeled as a Markov process.

More realistic, however, is that the arc changed the surface conditions
and local temperature in such a way that the distribution of the ignition
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probability is changed. Experiments (like the breakdown experiments by Kraft
and Stuchenkov [136]) show that arcing on contaminated surfaces is relatively
easy, while arcing on metallic, clean surfaces is relatively difficult. Therefore,
the cleaning action of arc erosion will markedly reduce the ignition probability

2.25-3 ms

3-3.75 ms

Fig. 3.29. Two examples of observation of the memory effect using high-speed photo-
graphy on a low-current copper arc. One should compare first and last frames of the left
and right sequence, which shows that the spot returns to emission sites previously used.
(Courtesy of B. Jiittner, [140])
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of locations where the arc has already burned. Starting with an oxidized or
otherwise “contaminated” cathode, the random walk will turn into in a special
class of self-interacting walk, the self-avoiding random walk [137, 138]. As a
result of arc cleaning, the next emission is much more likely to be ignited at
locations that still have the surface-field-enhancing oxide layer rather than on
the arc-cleaned surface. As long as there is surface area with oxide layer (or
similar contamination) available, emission sites will avoid the cleaned surfaces.
This feature has been utilized in arc cleaning of steel surfaces where oxide
surfaces were intentionally created to optimize cleaning effects [139].

If arcing occurs in a reactive gas environment or poor vacuum, the surface
will quickly “age” by becoming “poisoned,” i.e., the metal atoms on the cathode
surface will react with oxygen or water from the residual gas. In this way, the
surface will “forget” its memory on the local emission event, and the walk can
again become Markovian rather than self-avoiding.

If arcing of the surface occurs in ultrahigh vacuum (UHYV), or in noble gas free
of reactive components, prolonged arcing may eventually completely remove the
oxide layer. As a consequence, all surface locations become equivalent, and also in
this case the self-avoiding walk will switch back to a random (Markovian) walk.

Therefore, in both extreme cases, arcing with reactive gas and arcing in UHV,
there is a tendency to go from random walk through a phase of self-avoiding
walk, which eventually may be followed by another phase of random walk.

The picture, however, is even more complicated. Not all self-interacting random
walks are self-avoiding walks [138]. For example, investigating clean, well-arced
cathodes, it has been observed that after a short cooldown time, a previously active
and still-hot emission site may preferably re-ignite [140]. In this case, the walk is
not self-avoiding but rather shows a preference to return to a familiar location
(Figure 3.29). Juttner’s experiments showed that ignition of arcs on hot cathodes
require higher ignition voltages than on cold cathodes, which fits with the picture
that emission centers appear on new locations rather than on the already hot sites.
Therefore, other factors must play a role for the memory effect. The rough
structures on a rim of cathode craters seem to play a role: in a photo series with
very high resolution, Jiittner and Kleberg succeeded in observing the “dance” of
ignition around the sharp asperities of a large crater (Figures 3.30 and 3.31).

3.5.11 Steered Walk: Retrograde Spot Motion

In the presence of a transverse magnetic field, the “motion” of ignition locations
deviates from random. Rather, this apparent or virtual motion becomes increas-
ingly directed with increasing field, i.e., the ignition of emission centers is more
likely in a preferred direction. Spot motion is magnetically “steered.” The term
“steered arc” is often used by the arc coating community. The preferred direction
of the virtual motion is opposite to the Amperian direction j x B which one
would expect if the Lorentz force was responsible for motion. The plasma
column is indeed bent in the j x B direction, as indicated in Figure 3.32, though
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Fig. 3.30. High-resolution imaging of spot fragments igniting preferably on the asperities
of a large cater. Copper cathode, arc current 30 A, frame exposure time 10 ns, first frame
taken 300.00 ps after arc triggering. (Courtesy of B. Jiittner, [140])
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Fig. 3.31. Large crater on a copper cathode, corresponding to fast framing pictures
shown in Figure 3.30. (Courtesy of B. Jiittner, [140])

the virtual motion is to the opposite (anti-Amperian or “retrograde”) direction.
Since its discovery [141, 142], retrograde motion has stimulated much research
[102, 121, 143-178], resulting in a number of more or less convincing explana-
tions. One of the most comprehensive descriptions is by Jiittner and Kleberg
[108, 110] who base their model on observations using image-intensified cameras
of very high spatial and temporal resolution. Much of this section is based on
findings by Kleberg [108].
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Fig. 3.32. Bending of the plasma column in the j x B direction, with spot motion (i.e.,
ignition of new emission centers) in anti-Amperian (—j x B) direction
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As the magnetic field increases, the virtual motion loses its random
character and becomes increasingly directed, which allows us to assign a
macroscopic velocity rather than diffusion constant [171]. The directed retro-
grade velocity depends on a few conditions, including magnetic field strength
and cathode material. It is typically 10-15m/s for a steering field strength of
about 15mT [179]. The directed velocity is approximately proportional to
the transverse field By, i.e., the field component parallel to the cathode
surface,

Vsteered = € By, (385)

where ¢ is a material constant that also depends on the surface conditions. For clean
surfaces under vacuum conditions, Zabello and co-workers [178] determined ¢ to be
60 and 200 m/(s T) for copper and CuCr cathodes, respectively. The parameter c is
smaller when the cathode is hot (> 600°C in the case of copper) [169].

The direction reverses into the Amperian when the pressure exceeds a critical
value, which is relatively high, namely in the range 1-100 kPa (i.e., from a few
percent of to about atmospheric pressure) [157, 164].

Let us further consider the phenomenology of the vacuum and low-pressure
case. As the magnetic field vector intersects the cathode not normal but tilted, the
direction of the virtual motion is also tilted to the retrograde direction (Figure 3.33).
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Fig. 3.33. The direction of the apparent motion is tilted to the direction of retrograde
motion as the magnetic field vector intersects the cathode at an angle other than normal
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Fig. 3.34. Experimental observation of steered spot motion on copper in (left) a pure
transverse field and (right) a tilted field, i.e., where both normal and transverse magnetic
field components exist. The transverse field was 65mT in both cases, and the normal
component was 60 mT for the tilted case (right). (Adapted from Figure 6 of [178])

The angle between retrograde direction and actual direction is often called the
Robson angle, after A.E. Robson who worked on the issue with A. von Engel in
the 1950s [153]. Measurements by Zabello and co-workers confirmed that the
Robson angle depends directly on the field inclination [177, 178] (Figure 3.34). As
the temperature of the cathode increases, larger craters are observed and the retro-
grade velocity decreases [168, 169]. In an early work of 1948, Smith [147] observed a
reversal of motion direction but that has not been confirmed; most likely his
observation was a pressure rather than a temperature effect.

The interpretation and modeling of steered and retrograde motion has been
found to be difficult. It is associated with the ignition probability distribution. In
the absence of an external field, the magnetic self-field is azimuthal and thus
axially symmetric, provided the discharge geometry, like position of the anode,
does not break the symmetry. If the magnetic field has a component parallel to the
cathode surface (often called the transverse or tangential field), the axial symmetry
is broken. Putting the physical reason for preferred spot ignition aside, for the time
being, one could use probabilistic models for spot motion, in extension to pre-
viously mentioned random walk models. Care [180] constructed a Markov process
on a two-dimensional grid where the probabilities for the directions are not equal
but depend on the steering magnetic field. If the grid size and time intervals are
allowed to go to zero, and appropriate limits are taken, a partial differential
equation for the probability density of the arc position is obtained, which is
equivalent to a Fokker—Planck equation for the system.

One of the difficulties is associated with the fact that one would expect the
ignition probability higher on the side to which the plasma column is bent
(Figure 3.32) and where therefore ion bombardment should be higher [169];
however, ignition is more likely in the opposite direction.

Modeling of retrograde motion can be done making more or less specific
assumptions. For example, Beilis [176] applied his cathode layer model and
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assumed that (i) heat loss in the cathode bulk is small compared to the heat
influx, (ii) the plasma flow in the Knudsen layer is impeded, and (iii) the plasma
kinetic pressure is comparable to the self-magnetic pressure in the acceleration
region of the cathode plasma jet. With these assumptions, a number of features
can be reproduced, like the linear increase of apparent spot velocity with
increasing magnetic field strength and arc current.

The electric current causes a magnetic self-field, which greatly affects the
motion of emitted electrons. Arapov and Volkov [181] developed a model for
ignition of emission centers in which electrons form a current vortex whose axis is
perpendicular to the surface. The current vortex is shown to be unstable, leading
to the formation of a spatial structure. Similar effects are known from the theory
of self-organization when energy is pumped into a system. Locations of enhanced
power density would promote the ignition of the next emission center.

Taking an experimental approach, Kleberg and Jiittner [108, 110] used spot
imaging with the highest temporal and spatial resolution available. They dis-
covered that emission sites in transverse magnetic fields emit microscopic
plasma jets whose angular distribution is determined by the transverse field
direction. The jets form in a stage of maximum plasma production. It is
known that current-carrying plasma in a magnetic field is subject to plasma
instabilities [182]. Although the exact nature of the instability is still subject to
research, it has been found that the ejection of plasma jets occurs every few
microseconds in directions that deviate from the retrograde direction up to 45°.
Figure 3.35 shows the ejection of two jets into approximate retrograde direction,
which is toward the right in this photo. Using the sophisticated exposure features

_ plasma edge

plasma jets
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Fig. 3.35. Ejection of two jets into approximate retrograde direction. The intensity of
light emission of the plasma jets is weaker than the emission from the spot itself, and
therefore the exposure was selected such as to make the jets visible, while the cathode
spot is overexposed. (Adapted from [108], Abb.4.17)
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Fig. 3.36. Superposition of four exposures of 200 ns, each, separated by 10 ps. (Adapted
from [108], Abb.4.20)

of the image-converter camera, it was possible to superimpose four exposures
separated by 10 ps. The result is shown in Figure 3.36, which illustrates the
relationship of microjets and ignition of new emission sites. The first spot is at
the left, and retrograde motion is to the right. This picture leads to the Jiittner—
Kleberg model of retrograde motion (Figure 3.37): retrograde motion is actually
composed of a microscopic “zigzag” ignition of new emission sites caused by
microjets. The microjets enhance the local electric field strength by E = vje xB.
The local electric field strength was previously identified as a critical parameter
for ignition. The additional field component can be estimated by the measured
jet velocity (~ 5 x 10° m/s) and applied field (~ 0.2 T). Although it is found
to be only of the order 1kV/m, this field may be crucial for ion motion and
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Fig. 3.37. Jiittner—Kleberg model of retrograde motion: retrograde motion is actually com-
posed of a microscopic “zigzag” ignition of new emission sites caused by microjets. For low-
current arcs in copper, the typical step length is 200 pm. (Adapted from [108], Abb.4.21)
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local ion bombardment of the cathode, helping to provide the conditions of site
ignition, (3.63).

At a first glance, one is tempted to identify the bright spots in Figures 3.35 and
3.36 with the emission sites. One needs to recall that these photos were obtained
by intentionally overexposing the spot area to make the less luminous jets
visible. One should be suspicious because the size of the highly luminous area
is much larger than the typical size of craters. If one increases the spatial and
temporal resolution, one finds highly dynamic fluctuations associated with
fragments, schematically illustrated in Figure 3.38. Imaging using the emitted
light is reaching the technical and physical limits. To stress the point again: the
non-zero lifetimes of excited states necessarily cause a “smearing out” of the
imaged plasma, and therefore the emission sites may be smaller and shorter lived
than suggested by the emitted light.

The Jiittner—Kleberg model of retrograde motion reduces the Robson drift to
a shift of microjet direction. It was argued that the direction of the microjet
ejection is determined by the presence of the magnetic field, and it is therefore
not surprising that tilting the magnetic field leads to a shift in microjet directions.
It is, however, not clear why the zigzag emission appears to have a “memory” of
previous emissions: an analysis of the motion perpendicular to the averaged
directed velocity shows that this component is not random. Rather, the motion
is zigzag in a more regular way, allowing the spot to deviate only slightly from

Fig. 3.38. Schematic of fragment dynamics within the Jiittner—Kleberg model, as obs-
erved when increasing the spatial and temporal resolution. (Adapted from [108],
Abb.6.2)
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Fig. 3.39. Reversal from retrograde to Amperian direction before current-zero or the end
of a discharge. (Adapted from [108], Abb.4.28)

the averaged steered direction. This has been found by Laux and co-workers
[183] on tungsten layers on carbon base material placed in very strong magnetic
fields (a configuration relevant to walls of large thermonuclear fusion devices
such as Tokamaks and Stellarators). It can also be seen on massive cathodes as
shown in Figures 3.14a,b.

It should be mentioned that Kleberg found an interesting reversal from
retrograde to Amperian direction before current-zero or the end of a discharge
[108]. Figure 3.39 shows a characteristic U-shape of spot traces, indicating such
reversal of direction.

A more practical approach to steered motion will be given in Chapter 5 when
discussing the design of arc sources. There we will not consider the physical
reasons based on cathode processes but reduce the apparent motion to two rules:
the retrograde motion rule and the acute angle rule.

3.5.12 But Why Is the Cathode Spot Moving in the First Place?

After this exhaustive discussion on modeling, including fractal description, the
reader may still ask himself/herself: “But why is the cathode spot moving in the first
place?” First, to stress the point, the cathode spot is not moving. It only appears to
move. What we see is a sequence of ignition and extinction of electron and plasma
emission centers. So, a better question is: Why is there repetitive, stochastic ignition
and extinction, rather than a steady operation (“burning”) of the cathode spot?
Once an emission center is ignited by a thermal runaway process, as explained
before, the conditions for electron emission, plasma generation, and current trans-
fer between cathode bulk and the plasma very quickly deteriorate for three reasons.
First, due to the increase in resistance with temperature for all metals,
dp/dT>0, the region of the cathode bulk directly under the cathode spot is
more resistive than all other areas or parts of the cathode. Hence, if there was an
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alternative, less resistive way for the current to flow, the current would switch to
the new path.

Second, and this is perhaps the strongest argument, the emission center builds
a highly resistive barrier as the result of the emission. That might sound puzzling
at first. In the explosive stage, the cathode matter transitions from the solid to
the plasma phase, and it may initially bypass the gas phase by circumnavigating
the critical point in the phase diagram (see Section 3.9). At this stage, the most
resistive zone for the current path is the non-ideal plasma phase. As time passes
(and here we consider some tens of nanoseconds), the area of the emission site
increases by heat conduction, and the area power density falls accordingly,
which leads to a change of the path in the phase diagram: the material has
now the time to transition through all conventional phases: solid-liquid—gas—
plasma. From those four, the gas phase is by far the most resistive phase: solid
and liquid metal and metal plasma are good conductors, but metal gas (vapor) is
not. The metal vapor “chokes” the flow of electricity. As the growth of the
emission area continues, the power density and related local surface temperature
is reduced, electron emission decreases rapidly, though there may still be sig-
nificant evaporation from the hot crater left by the explosion. At this point, the
composition of the gas or plasma in front of the site becomes increasingly
influenced by neutral vapor, and the current transfer capability suffers greatly.

In this situation, the third factor kicks in: competition! The dense plasma near
the emission site has caused the sheath to be very thin, which implies high electric
field strength on the surface, and the most preferred site may experience a
runaway, starting a microexplosion at a new site. Now, the new site and the
older, much larger site are electrically in parallel, and of course the path of lower
resistance (lower metal gas density!) takes over the current.

In this sense, the growing but decaying emission site generates the condition
for its own “death.” The situation for carbon, boron, and other semi-metals or
semiconductors is somewhat modified in that dp/d7<0 and therefore at least
this reason for the apparent spot motion is removed: quite contrary, the
condition dp/dT<0 is stabilizing the spot at one location. Yet, even with
those materials, one can see some (yet slower) apparent spot motion. The
low-conducting vapor mechanism takes its toll.

3.6 Arc Modes

In the previous sections, cathodic arc spot types 1, 2, and 3 were introduced. In this
section, phenomenological spot types are put in relation to arc modes. There are
several solutions of the energy balance problem and current transport task between
cathode and anode. Depending on the gas type and gas pressure, the role of ion
current, ion bombardment heating, thermal properties of the cathode material,
cathode surface condition, cathode geometry, and cooling provisions, the solutions
may be stationary or quasi-stationary for cathodes with relatively large hot areas,
leading to thermionic arcs, or non-stationary for globally cold cathodes, leading to



3.6 Arc Modes 147

cathodic arcs. Additionally, other components of the discharge circuit may play a
decisive role, like the metal vapor coming from a hot, evaporating anode, leading
to anodic arcs (see below). For a practical means to decide whether a cathodic arc
or thermionic arc is occurring, one should look at the arc burning voltage in a time-
resolved manner, e.g., by using a fast voltage divider probe and an oscilloscope. If
the discharge is burning in the cathodic arc mode one will find the characteristic
noise. In comparison, the noise of thermionic arcs is very small.

If one bases arc classification exclusively on the cathode mode of operation,
one may distinguish thermionic arcs and cathodic arcs, with each of them
occurring with different sub-modes and spot types (Figure 3.40). Most of this
book focuses on the cathodic arc mode with spots of types 1 and 2. Thermionic
arcs are only mentioned to clearly define and limit the scope. Thermionic arcs
[47] are widely used in arc discharge lamps [184, 185], plasma torches (e.g., for
plasma spraying [186]), and plasma ion plating systems [187, 188]. Thermionic
modes are governed by the thermionic emission of electrons. There are two main
sub-modes: the thermionic spot mode and the thermionic spotless mode.

In the thermionic spot mode, electron emission occurs via the (field-
enhanced) thermionic emission mechanism, (3.14), from a relatively large hot
spot, which has a diameter of order 1 mm or greater. In the thermionic spot
mode, ion bombardment heating and the ion current contribution to the dis-
charge current are crucial. The net ion flow near the cathode is toward the
cathode. The thermionic spot mode occurs, for example, in high-pressure gas
discharge lamps. The thermionic spot mode can be stationary, as it is desired in
commercial discharge lamps [184, 185], otherwise a lamp would be considered
defective. Stationary arc spot models can be used to describe this mode [47, 189].

The thermionic spotless mode is similar to the thermionic spot mode but
electron emission occurs from a larger, more diffuse, very hot area that occupies
the entire available working surface of the cathode. To achieve the spotless
mode, the construction of the cathode is usually made in such a way as to
minimize thermal conduction and thermal energy loss by radiation. For exam-
ple, the cathode could be made from a two-segment cathode which has a
cylindrical base of small diameter. The cathode attains a high temperature,

Arc Discharges

Cathodic Thermionic
Arcs Arcs

spot type 1

spotless
spot type 2 mode
thermionic
spot mode

Fig. 3.40. Classification of cathode modes based on electron emission mechanisms
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which is sufficiently high for significant thermionic emission. The thermionic
spotless mode is achieved when thermionic electron emission current approaches
the discharge current. At this point, the ion contribution, which is crucial for
current balance in the thermionic spot mode, is not critical to satisfy current
continuity because electron emission is large enough. However, ion bombard-
ment heating may still be critical to maintain the necessary high cathode tem-
perature. The transition from the thermionic spot mode to the spotless mode is
usually sudden, and associated with a slight reduction of the burning voltage.
From the minimum energy principle, the spotless mode is preferred because less
energy is needed to operate the discharge in the spotless mode at the discharge
current determined by the impedance of the external circuit.

After the thermionic spotless mode has been established, it may be stable or,
after a thermal time constant which is often on the order of seconds of minutes, it
may switch back into the thermionic spot mode due to the lack of sufficient ion
heating. The spotless mode is only stable if the cathode energy balance allows the
discharge to maintain the necessary high cathode temperature. The spotless
mode is observed, for example, in so-called super-high-pressure discharge
lamps filled with xenon, which are commercially used in projection devices for
computers. Convective heating can play an important role for the cathode
energy balance. Since ion impact heating is reduced when the spotless mode is
reached, the cathode temperature may fall, reducing thermionic emission. This
may force the cathode to switch back in a mode where only a fraction of the area
is hot, i.e., the thermionic spot mode. The increased ion bombardment heating
may increase the overall cathode temperature, eventually again satisfying the
existence condition of the thermionic spotless mode. Oscillations between ther-
mionic modes have been observed in gas discharge lamps (of course, such lamps
are declared faulty and in need of replacement).

Another approach to arc classification is to consider the origin and nature of
the plasma between anode and cathode (Figure 3.41). Of special interest are

Arc Discharges
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arcs (with spots)

Arcs in metal vapor

mode

Spotless vacuum arcs Thermionic
(evaporating cathode) spot mode

Anodic vacuum arcs
(evaporating anode)

Refractory anode vacuum
arcs (cathode material
evaporating from anode)

Fig. 3.41. Classification of cathode modes based on discharge medium
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cases where the plasma contains a large fraction of metal species or is even
exclusively composed of metal, obtained by evaporation of the cathode (“spot-
less cathodic vacuum arc” [190-192]) or by evaporation of the anode (“anodic
arc” [193-197]) or by evaporation of cathode material that was deposited on the
anode (“refractory anode vacuum arc” [198]). All of these modes have the
advantage that metal plasma production does not rely on microscopic explosive
processes that are characteristic for cathodic arcs, and hence macroparticle
generation is avoided or does not play an important role. Deposition rates can
be high, and uniformity issues can be addressed with technological means that
are similar to conventional evaporation techniques. However, the kind of
plasma obtained is different than cathodic arc plasmas in terms of the degree
of ionization, ion charge state distribution, and ion energy. These plasmas are
not further discussed in this book.

Yet other modes of cathodic arcs are obtained at very high arc currents
(I >>1kA), when the anode is no longer a simple electron collector but
various “active” anode modes appear. In the world of high-current arcs, typical
for vacuum arc switches and vacuum arc circuit interrupters, the pathological
“low-current” case of a passive anode is often called diffuse arc, which must not
be confused with a spotless arc or other modes: diffuse refers here to the anode,
while the cathode shows typical cathode spots, which are numerous, small,
point-like, and non-stationary. High-current modes include the footpoint
mode, the anode spot mode, and the intense arc mode, see the reviews by Miller
[199, 200].

3.7 The Cohesive Energy Rule

3.7.1 Formulation

Each material has certain characteristics such as “the ease to burn.” This “ease”
is related to the likelihood that the arc does not spontaneously extinguish; it also
describes the level (amplitude) of fluctuations in burning voltage, light emission,
ion charge state distribution, ion energies, etc. In this section, these more or less
subtle differences between cathode materials are discussed in terms of empirical
rules. Among them, the Cohesive Energy Rule [201, 202] appears to be the most
physically reasonable because it can be associated with fundamental considera-
tions of energy conservation and power distribution.

The Cohesive Energy Rule can be formulated as follows: “The average arc
burning voltage of a vacuum arc at a given current is approximately directly
proportional to the cohesive energy of the cathode material.”

The cohesive energy is the energy needed to form a free, electrically neutral
atom by removing it from its bound position in a solid at 0 K. Table B8
(Appendix B) includes the cohesive energy expressed in eV/atom. It is often
given in kJ/mol or kcal/mol or J/g, but it can be expressed in eV/atom, repre-
senting the average binding energy of the atom in the solid.
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The arc burning voltage determines the energy dissipated for a given arc
current, the latter being determined by the electrical discharge circuit. Because
the dissipated energy affects practically all plasma parameters, the Cohesive
Energy Rule implies a number of secondary rules. This is non-trivial since the
cohesive energy is just one of many physical characteristics of a solid, and it is
not obvious why it should be suited to predict the parameters of the expanding
vacuum arc plasma. Before this issue is addressed, one may consider other
empirical rules that have been used.

3.7.2 Other Empirical Rules

For decades, researchers have tried, with some success, to identify simple rela-
tionships that could help to understand cathode-spot physics and to predict
plasma parameters. For example, Kesaev [203] and Grakov [204] attempted to
correlate the burning voltages with arc current and thermophysical properties of
the electrode material. Kesaev suggested that there is a correlation between arc
voltage and the product of the boiling temperature and the square root of the
thermal conductivity. Nemirovskii and Puchkarev [205] derived a relatively
complicated relation between burning voltage, the thermal conductivity, and
the specific heat of the cathode material. Brown and co-workers [206, 207] found
a correlation between the boiling temperature of the cathode material (in Kelvin)
and the mean ion charge state of the vacuum arc plasma:

0 =1+38x10"*Ty. (3.86)

With the large body of experimental data known today it is clear that plasma
parameters such as average ion charge state [206, 208, 209], electron temperature
[210,211], and ion velocity [208, 212] can be correlated to the periodic properties
of the solid cathode materials — this led to the idea to arrange solid state and
plasma properties in Periodic Tables (Appendix B).

3.7.3 Experimental Basis

Measurements of the burning voltage have been done many times. In one of the
more recent systematic studies [202], the vacuum arc ion source “Mevva V” [209]
was used. The use of this facility had the advantage that the voltage data can be
directly associated with other data measured at the same facility, such as ion
charge state distributions [207], electron temperatures [211], and directed ion
velocities [212]. Corrections to the measured voltage data were obtained by using
the same setup without plasma, i.c., by measuring the voltage for a shorted
cathode—anode gap. The latter measurements were done not in vacuum but in air
or under inert gas when using reactive cathode materials. The difference between
the voltage measured with plasma and without plasma (shorted gap) is approxi-
mately equal to the burning voltage. It is not precisely equal since the shorted
gap situation includes the small but non-zero contact resistance of the short. The
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Fig. 3.42. Experimentally found correlation between arc voltage and cohesive energy;
cohesive energy Ecg, and arc burning voltage V, for cathode materials of atomic
number Z. Ecg was taken from [213], and the burning voltage was measured at an
arc current of 300 A. (From [202])

error in the measurements increases with increasing current. The contact resis-
tance caused the error to be less for noble metals (such as Au, Pt) and higher for
very reactive metals (such Li, Ca, Sr, Ba).

The results of systematic measurements are shown in Figure 3.42 and Table
B8 of Appendix B. The experimental data reported in Table B8 are somewhat
higher than some literature data because they do not represent the cathode fall or
the minimum voltage needed but rather the voltage obtained by averaging over
the typical noise of the data.

3.7.4 Physical Interpretation

The transition from the cathode’s solid phase to the plasma phase requires
energy, which is supplied via the power dissipated by the arc,

P(ll'(’ = V I(ll’(’J (3’87)

where V'is the voltage of the arc (i.e., measured between anode and cathode, and
not to be confused with the voltage provided at the power supply). The energy
needed for the phase transitions is only a fraction of the total energy balance.
The total balance of the cathode region has been discussed in Section 3.4.3, and
here it is summarized as

LV = Ep/wn + Eck + Eionization + Ekin.,i + Eee + Eipe + Evp + Eraa, (388)

where 7 is a time interval over which observation is averaged, Ephon is the phonon
energy (heat) transferred to the cathode material, Ecg is the cohesive energy
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needed to transfer the cathode material from the solid phase to the vapor phase,
Eionization 1s the energy needed to ionize the vaporized cathode material, Eyiy,; is
the kinetic energy given to ions due to the pressure gradient and other accelera-
tion mechanisms, E. is the energy needed to emit electrons from the solid to the
plasma (latent work function), Ey, ¢ is the thermal energy (enthalpy) of electrons
in the plasma, Eyp is the energy invested in melting, heating, and acceleration of
macroparticles, and E,.q is the energy emitted by radiation. The various terms of
(3.88) contribute very differently to the balance, and some of the terms such as
energy invested in macroparticles and radiation are small. The input energy is
mostly transferred to heat the cathode, to emit and heat electrons, and to
produce and accelerate ions. The cohesive energy Ecg is relatively small and
may be neglected if one wants to calculate the more prominent energy contribu-
tions. However, the correlation between burning voltage and cohesive energy
suggests to have a closer look at the physical situation.

There are two arguments in the interpretation of the Cohesive Energy Rule,
which seems to hold despite the relatively small fraction of energy needed for the
phase transition.

The first argument is based on the spatial distribution of the energy input.
Figure 3.43 schematically shows that most of the dissipated energy is concen-
trated near the cathode surface and associated with the cathode fall. Interest-
ingly, driven by the extreme pressure gradient, both electrons and ions are
accelerated away from the cathode surface, carrying away the energy invested
in them. Therefore, a very large fraction of input energy is not available to
accomplish the phase transition. Materials with large cohesive energy require
more energy for the transition from the solid to the vapor phase. The discharge
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Fig. 3.43. Schematic illustration of the potential drop near the cathode surface. The
dissipated power density is proportional to the gradient of the potential. The dense
plasma adjacent to the surface receives most of the dissipating power density and is
therefore heated rapidly and accelerated away from the cathode, thereby removing
most of the input energy
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system can provide this greater energy to the solid by increasing the overall
burning voltage. Of course, when this happens, the fraction of energy going to
other energy forms, as described by (3.88), increases as well. If this is true, solids
with greater cohesive energy require higher burning voltage, and more energy is
also available for ionization and acceleration of ions, in agreement with
measurements.

The second interpretation for the Cohesive Energy Rule and its derived rules
is based on the periodicity of many material properties. Periodicity refers here to
properties that are due to the electronic shell structure and that can be grouped
according to the Periodic Table of the Elements. For example, the melting
temperature and boiling temperature show the same periodicity as the cohesive
energy (Tables B1 and B8, Appendix B), which of course is not coincidental but
related to the electronic structure of atoms and the formation and strength of
chemical bonds in the solid phase. Periodicity is the physical reason that a
relation identified for the cohesive energy can be approximately formulated as
a relation to the melting or boiling temperature, for example. The question may
rise if a physical relation expressed for the cohesive energy is equivalent to a
corresponding relation to the boiling temperature, for example. That is not quite
the case because relations based on the cohesive energy can be associated with
the thermodynamic law of energy conservation. Energy is a physical quantity for
which one can formulate a balance equation, but temperature is not. Therefore,
an empirical rule based on energy should be preferred over a rule related to
temperature.

3.7.5 Quantification

In a zero-order approximation one can state that the vacuum arc burning
voltage is about 20V, with somewhat lower values for cathode materials of
smaller cohesive energy and higher values for materials of greater cohesive
energy. Quantifying the Cohesive Energy Rule in a first-order approximation
gives [214]

V="Vy+A Ecg, (3.89)

where, for the specific experiments with 300-A arcs in a vacuum arc ion source
[202], the values V) = 14.3 Vand 4 = 1.69 V//(eV/atom) were found. For other
arc configurations and considering threshold currents rather than 300-A arcs,
the constant will be smaller, perhaps as low as Vy =~ 8 V. Figure 3.44 shows how
well the simple approximation (3.89) represents the Cohesive Energy Rule.
Further refinements are discussed in [214].

3.7.6 Related Observations: Ion Erosion and Voltage Noise

The main focus in formulating the Cohesive Energy Rule was the material-
dependent arc burning voltage and the underlying energy balance. Other
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Fig. 3.45. Ion erosion rate, expressed as ion current normalized by arc current, and
cohesive energy, for most metals of the Periodic Table. One can see that materials of high
cohesive energy have low ion erosion rates and vice versa. (From [91])

observations are related such as the metal-dependent ion erosion rate and the
amplitude of voltage fluctuations (noise). It is clear that if more energy is
needed to accomplish the phase transitions from cathodic solid to liquid, gas,
plasma, less material can go through these transitions for a given energy (see
also Section 3.8). This has been experimentally confirmed by carefully studying
the ion erosion rate (Figure 3.45): One can clearly see that cohesive energy and
ion erosion rate are in opposing phase, i.e., the materials of high cohesive
energy show low ion erosion and vice versa.
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Another observation that can be related to the Cohesive Energy Rule is the
amplitude of voltage noise generated when using different cathode materials.
While the Cohesive Energy Rule established an empirical, energy-based rule for
the burning voltage, we now consider the fluctuating component of the burning
voltage. This component can be investigated using fast data acquisition
and Fourier transform analysis [93, 215]. The result was already shown in
Figure 3.22. The curves of the spectral power are slightly shifted and their
order reflects the amplitude of noise: one can see that the higher the cohesive
energy the greater the voltage noise. Apparently, the higher cohesive energy is
again a suitable measure for the “difficulty” to ignite emission centers.

3.8 Cathode Erosion

The cathode material is the feedstock material for the cathodic arc plasma, and
therefore, as the cathodic arc is burning, the cathode loses mass. Cathode
erosion is actually comprised of three components: material leaving the cathode
surface region as ions, neutral vapor, and macroparticles, i.e.,

Tiotar = Ti +To + Tpp. (3.90)

The usually desired form of erosion for cathodic arc coatings is ion erosion
because ions can be influenced by electric and magnetic fields, and the conden-
sation of ions leads to the desirable film properties.

Cathode erosion is typically expressed as mass loss per charge (with the unit
png/As or pg/C). It is most often determined by the weighing method which
implies that the mass of the cathode is carefully measured before and after arc
operation, and the charge transferred is determined by measuring arc current
and arc duration, i.e.,

Amcathade
Ciotst = ———7. 3.91
total Jnlar(fdt ( )
If the arc current is constant, one may simply use
A
Ftotal = I”na;l/mde . (392)

This method does not give any information in which form the loss occurred, i.e.,
as ion, neutral, or macroparticle loss.

It should be noted that while this definition of erosion is common, it is not
the best approach from a physical point of view. The normalization of mass loss
to charge transferred works relatively well only because the differences in
arc voltage are relatively small when the material or discharge conditions are
changed. A better, more fundamental normalization is mass loss per energy, i.e.,

Am(’alhode

[ TarcVaredt” (3.93)

1—‘total =

The corresponding unit is pg/J.
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One may also define specific erosion rates considering the loss of mass in the
form of ions, neutrals, or macroparticles. To determine the ion erosion rate one
would need to measure the total flux of ions coming from the cathode. This is a
non-trivial task because at least a fraction of ions will condense on the anode.
Weighing the anode is not helpful because macroparticles will also be deposited.
One solution is to measure the ion current to screens, meshes, or shields and to
use geometric correction factors [91].

It was already mentioned in Section 3.7.6 that ion erosion rates were found in
opposite phase to the cohesive energy of the cathode material, i.e., the higher the
cohesive energy the lower the ion erosion rate (see Figure 3.45). Because of this
property, the often-quoted “10%-rule” is very approximate.” The “10%-rule”
states that the maximum ion current that can be obtained from a cathodic arc is
about 10% of the arc current. This percentage was identified by erosion studies,
e.g., by Kimblin [216] and Daalder [217]. More recent studies of different
cathode materials [91] confirmed that ion erosion is proportional to the arc
current but they also showed that the percentage scales with the inverse of the
cohesive energy. The percentage can be lower or higher than 10% (Figure 3.46
and Table 3.6).

We have the least information on Iy, the mass loss by evaporation of neutrals
from the cathode surface. Charge state distribution studies and their interpreta-
tion (e.g., [211]) showed that the plasma generated at cathode spots is fully
ionized, and with very few exceptions (like carbon) one can be sure that the
fraction of neutrals in the spot plasma is very small (less than 1%). However, as
discussed earlier in this chapter, the spot phenomena are fractals in space and
time, and therefore the concept of giving simple percentages for ions and atoms
emitted from the spot region is flawed unless we realize that these are average
values. Only by integrating over time and space we can arrive at those
meaningful average data. They include the vapor from previously active
emission centers, i.e., locations that are not producing plasma anymore but
still hot enough to cause evaporation (stages (iii) and (iv) of the emission site
evolution). We can expect that the vapor pressure of the cathode materials will
play an important role because this quantity can vary over many orders of
magnitude [37].

Macroparticle erosion can be the largest fraction of cathode mass loss [219]. It
strongly depends on the material properties, surface conditions, and on the
discharge configuration (like presence of spot-steering magnetic fields). Macro-
particle formation is separately discussed in Chapter 6.

7 Ton erosion is sometimes expressed as ion current normalized by the arc current, giving
the unit “%.” Contrary to popular reading, this does not mean that ions contribute x%
to the arc current, and electrons (100-x)%. Because the measured ion flux moves away
from the cathode, electrons need to carry more than 100% of the arc current, compen-
sating for the current of ions going in the “wrong direction.”
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Fig. 3.46. Ion current from a cathodic arc discharge, as a function of arc current, with the
material as a parameter. (After [91])

Table 3.6. Ion current normalized by arc current, «;, and ion erosion rates, I';, for various
cathode materials. The last column shows the ion erosion rate normalized by arc energy,
I, calculated from T and the arc voltage given in Table B8

Cathode Reference  Reference  Reference  Reference  Reference

meterial  [216] [218] [42] [91] [91]

(%) @) DO (%) Tihe/O) L)
C 10.0 19 13-17 19 238 0.804
Mg - 12.7 19-25 12.7 18.8 1.00
Al - 11.2 22-25 11.2 15.9 0.674
Ti 8.0 9.7 - 9.7 2.4 1.05
Co 8.0 9.6 - 9.6 30.4 1.33
Cu - 11.4 35-39 11.4 334 1.42
Zr - 10.5 - 10.5 36.3 1.55
cd 8.0 12 128-130 12 94.6 5.90
In - 10.2 - 10.2 80.5 4.60
Sn - 11.4 - 11.4 83.1 475
Sm - 6.5 - 6.5 46.1 3.16
Ta - 5.3 - 5.3 31.2 1.09
s 7.0 5 62-90 5 27.1 0.850
Pt - 5.6 - 5.6 50.6 2.25
Pb - 14.3 - 14.3 172.8 11.1

Bi - 10.2 - 10.2 171.5 11.0
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3.9 Plasma Formation

3.9.1 Phase Transitions

Let us have a closer look at the phase transformations that lead to the three kinds
of cathode erosion (ions, neutrals, macroparticles). In particular we will consider
how the cathodic arc plasma is formed by studying the path of the material in
phase diagrams. With few exceptions, such as mercury which is already in the
liquid phase at room temperature, it is clear that the cathode processes start with
the cathode material in its solid phase. Due to the high energy density of the
cathode-spot region, the cathode material goes through all four phases: solid —
liquid — vapor — plasma.

One may plot a density—temperature phase diagram containing all phases,
phase boundaries, and critical points, should they exist. For the axes of the phase
diagram one could select temperature and density of heavy particles or electrons. It
is acceptable to speak of one temperature, as opposed to electron temperature or
ion temperature, provided collisions are sufficiently frequent. The phase diagram,
Figure 3.47, contains regions of solid, liquid, and gas (vapor) as well as coexistence
regions for solid—liquid, liquid—gas, and solid—gas. It also shows a critical point “C”
which is the point of highest temperature where liquid and gas are still in equili-
brium. Beyond C, one cannot distinguish between liquid and vapor. In the example

4 electrode at room temp.
sol}d-hquld supercritical
fluid

30F

solid |

>

solid-gas

lg (T/K)

Fig. 3.47. Equilibrium phase diagram for copper using temperature—electron density
presentation. One sees the classical phases as well as plasma at high temperature and
low density. The two straight lines indicate degeneration of electrons and borderline
of region with strong non-ideal coupling. The important information is in the path of
cathode material. (Adapted from [45] and [211])
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shown in Figure 3.47, copper is selected because many data are available (copper
being the “guinea pig” material of arc physicists and electrical contact engineers).
The figure shows two out of a large number of possible paths of the material when
transitioning from solid to expanded plasma [45].

In the explosive stage of an emission site, comparable to a wire explosion, the
material is heated so rapidly that its density initially remains almost constant.
Therefore, the path in the diagram goes to the right almost horizontally. It is
interesting to note that the temperature of the small volume under consideration
can exceed the temperature of the critical point C, and hence the material can be
a supercritical fluid that gradually transitions into a fully ionized plasma without
ever having gone through the classical liquid and vapor phases. This transition is
extremely fast, shorter than 1 ns, and likely to occur only at the beginning of the
explosive stage of a new emission site. The material reaches a maximum tem-
perature and, driven by the extreme pressure gradient to the surrounding
vacuum or low-pressure plasma, it expands and cools down. Eventually, after
some 10 ns, the plasma is not in equilibrium anymore and one needs to distin-
guish between the temperatures of electrons and ions.

In the later development stages of the emission site, processes are less violent,
and the path is closer to what one would normally expect: the cathode material is
still rapidly heated but expands slightly, melts, vaporizes, and becomes ionized
in the vicinity of the spot. The plasma in the expanded plasma is different than
the plasma produced from the supercritical fluid, which contributes to the rapid
fluctuations seen in cathodic arc plasmas. In this later stage, the material is less
ionized, and cathode erosion may become dominated by evaporation where the
necessary energy is provided by ion bombardment from the plasma [220].

Due to the generally explosive nature of cathode processes, the path of
material in the phase diagram is not constant but rapidly changing between
the extremes located on both sides of the critical point.

3.9.2 Non-ideal Plasma

When the cathode material takes the path of explosive transformation from
solid to plasma, circumnavigating the critical point (Figure 3.47), there is a
certain, short-lived, high-density state that is best described as non-ideal plasma.
For comparison, in the more common, ideal plasma, the kinetic energy of
plasma particles is much greater than the interaction energy, which is mainly
due to shielded Coulomb interaction. Equivalently, one can say that there are
many charged particles in the Debye sphere, i.e., a sphere whose radius is the
local Debye length. These properties allowed us to introduce the approximation
of binary collisions between charged particles. In non-ideal plasmas, in contrast,
the density is very high, and the interaction between charged particles is much
stronger. The binary collision approximation is no longer a good approximation
but one needs to consider multi-particle interactions, especially when the plasma
density approaches solid-state density.
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There are many texts on non-ideal plasmas [221-223], and here it should
suffice to give the parameters that characterize the degree of coupling or non-
ideality. A plasma is called non-ideal or strongly coupled if the potential energy
of the plasma particles due to Coulomb interaction is not much smaller than
the average kinetic energy. To quantify this, a dimensionless coupling parameter
I'. can be defined as the ratio of potential to kinetic energy:

e dnn,\ '3
€_4n50kT< 3 > ’ (3.94)

where the symbols have the usual meaning, like € is the permittivity of free space
and k is the Boltzmann constant. The border between classical and quantum regions
for the electron gas can be identified by the dimensionless degeneration parameter

0, = n.A>, (3.95)

where 7, is the electron density and A, is a characteristic quantum length, the
electron de Broglie wavelength:
h
A, (2nmekT)1/2 . (3.96)

One of the features of non-ideal plasmas is the enhancement of the degree of
ionization by pressure ionization, a multi-particle interaction effect observed at
very high particle densities and pressure, as it exists during the explosive stage of
an emission site [45]. The Coulomb interaction of the outer bound electrons of
an atom or ion with the surrounding charged particles (ions and free electrons)
and with polarizable particles (atoms and clusters) leads to a substantial low-
ering of their binding energy. For densities approaching solid-state density, this
lowering is additionally strengthened by the quantum-mechanical exchange
interaction between the bound-shell electrons of neighboring particles. With
increasing density, the outer shells (bound electron states) become compressed
and finally disappear. The mean ionization state continuously increases and is
much higher in real plasmas at high pressure than one would expect on the basis
of the more conventional theories which neglect such interactions. In the asymp-
totic limit of very high density, the high-pressure plasma is fully ionized, con-
sisting only of free, bare nuclei and free electrons, whereas the ionization of an
ideal model plasma (i.e., where interactions are neglected) tends to zero, with
finally all charges bound in neutral atoms (Figure 3.48).

The cathode material in the explosive stage of an emission site follows a path
from high to low density, which corresponds going from right to left in
Figure 3.48 (putting aside, for a moment, that the temperature is not constant
as assumed in that figure). The material transitions through a “valley of low
ionization” for moderately non-ideal plasma conditions. This valley can be
associated with a region where the conductivity is lowest (resistivity highest)
and therefore power dissipation is highest. This can be understood taking into
account that on the high-density side (right side of Figure 3.48), electrons
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Fig. 3.48. Equilibrium calculations for ideal and non-ideal copper plasma at densities
approaching solid state: for the ideal model plasma, the lowering of the ionization
energy by multi-particle interaction was neglected, leading to unrealistically low
ionization. The actual ionization curve describes a “valley of low ionization” in the
region of weakly non-ideal parameters. (After [45])

degenerate, form conduction bands, and follow Fermi—Dirac statistics with a
Fermi distribution (Section 3.2.1), hence there is good metallic conduction. On
the low-density side, electrons are not degenerated and can therefore be
described by Boltzmann statistics leading to a Maxwell distribution, and we
have the high conductivity of a fully ionized plasma (the so-called Spitzer
conductivity [224]). In the transition, the Fermi distribution asymptotically
approaches the Boltzmann distribution. The now-free electrons in the dense
plasma suffer many collisions due to the high density, which appear like “fric-
tion” to the transport of charge, hence the conductivity is reduced.

As the dense plasma expands, it moves through the region in the phase
diagram where the curves of non-ideal and ideal calculation merge: this is the
region of weakly non-ideal plasma. With further decreasing density, the fre-
quency of collisions falls and therefore the condition for equilibrium are even-
tually violated: the plasma transitions into non-equilibrium, which plays an
important role when considering plasma properties in the interelectrode space
(Chapter 4).

One shortcoming of using Figure 3.48 is that it shows curves for constant
temperature. In the explosive phase transition, matter is first rapidly heated
followed by cooling during expansion. One could imagine a set of isothermal
curves, each showing a valley of low ionization. The path of the plasma would
intersect a number of those isothermals. Qualitatively, the physical picture
remains the same.
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Transient non-ideal plasma on the one hand and “holes” in the cathode
sheath (Figure 3.13) on the other hand are intimately connected. The cathode
metal transitions from solid to fully ionized plasma, i.e., circumnavigating the
critical point, which requires that very high plasma densities exist. Both electrons
and ions are present and can contribute to transport of the discharge current;
however, the plasma is in the “valley of low ionization,” as explained before.
Under these transient conditions, which are spatially limited, the conductivity of
the plasma is relatively low, and the voltage drop, which is normally associated
with the cathode sheath, is in the non-ideal plasma, as opposed to that in the
sheath. Cathode models throughout the literature focus on electron emission
from a cathode surface, and various surface and emission conditions are
assumed. The transient formation of holes in the sheath and the phase transition
on the high-density side of the critical point are usually not considered. The
relevance of this mechanism is still subject to further experimental diagnostics
and theoretical modeling.

3.9.3 Ion Acceleration

This chapter is concluded by briefly considering ion acceleration near cathode
spots because this will naturally lead to the next chapter in which the interelec-
trode plasma is discussed. In this section, only those acceleration processes are
considered that are intimately related to plasma generation and electrode
processes.

Tons “born” at cathode spots are known to have high velocity once they are
observed or measured in distances that are large compared to the size of the spot.
In fact, ion velocities are supersonic with respect to the ion sound velocity. Until
now, there is no generally accepted theory of ion acceleration, which is in part
due to the lack of reliable data on charge- and time-dependent velocity distribu-
tion functions. Although great progress was made, there are still questions on
how much the electric field is contributing to ion acceleration. Another possible
(or actually most likely and important) reason is that ion acceleration theories
generally do not consider the very different stages of the emission site’s life cycle.
It is safe to assume that ions generated in the explosive stage experience different
accelerating forces than ions generated in later stages. Due to the existence of
non-stationary processes, one should a priori expect non-stationary velocity
distribution functions. So far, only average velocities or Kinetic energies or
velocity distribution functions have been measured, although all researchers
stress the great variability of velocity data.

Ton acceleration near emission sites (cathode spots or spot fragments) are
thought to be due to the following forces: (i) pressure gradient of ions, (ii) pressure
gradient of electrons, (iii) collective acceleration of ions by electron—ion coup-
ling, and (iv) acceleration by an electric field if such field exists (potential hump).
Explanation and theoretical modeling have been challenging and the subject of
many papers over the years [114, 225-231].
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The fractal model with explosive emission events as the short-time cutoff is
best suited to (at least qualitatively) explain a range of experimental results,
especially those obtained with high resolution, which show a wide spectrum of
fluctuations. However, other models are also conceivable, and more tractable,
by not considering the fluctuating features but rather by trying to explain the
general, averaged trends.

In the simplest case one would use a stationary model in one dimension,
keeping in mind that the results cannot explain any fluctuation or spatial
variation other than on axis. Considering ions and electrons as two fluids led
to a set of two-fluid equations that exhibit a saddle point at the ion sound
velocity [227]. Transition to transonic flow velocities (i.e., ions become super-
sonic) is only possible through the directed friction force associated with elec-
tron—ion collisions. A small potential hump has only a minor effect for the
momentum gain of the ions [226, 227].

Taking the multifluid equations that describe anisotropic plasma expansion in
spherical coordinates, Hantzsche [229] found an analytical solution in the form
of asymptotic power series. According to this model, the main force responsible
for the high ion velocities is electron—ion friction, i.e., electrons move much faster
and with greater quantities from the emission center; they transfer kinetic energy
to the slower ions via Coulomb interaction. This mechanism provides roughly
half of the kinetic energy given to the ions. The electrons, in turn, are accelerated
by the electric field and the electron pressure gradient. The remaining ion accel-
eration is caused by the ion pressure gradient and the electric field force. Overall,
most of the acceleration is completed in a space less than 10 pm from the emission
center, and the velocities are approximately constant for distances greater than
100 pm. Those average ion velocities are further discussed in Chapter 4.

Other models are conceivable, too. For example, considering a mercury
vacuum arc, Beilis [232] assumed that the near-cathode region consists of three
layered regions, which — in the order of their distance from the cathode surface —
can be called the first plasma region, the double sheath, and the second plasma
region. Electrons emitted from the surface of the first plasma region are acceler-
ated through the double sheath region (potential drop 10—15V) into the second
plasma region. Likewise ions flowing from the second ion region are accelerated
through the double sheath into the first plasma region where they serve as a
significant heat source. Two types of time-dependent solutions with character-
istic times of 0.1-1 and 100 ps exist [232]. However, this model is difficult to bring
into relation to the fractal structure of emission sites advocated in this chapter.
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4

The Interelectrode Plasma

While the electric arc is one of the most common things of modern
life, an understanding of it is not common.

Clement D. Child, in: Electric Arc, 1913

Abstract After plasma production at non-stationary cathode spots, the
plasma expands into the interelectrode space. Plasma properties such as local
density, temperature, streaming velocity, and ion charge state distribution are
described for the expanding plasma. We are interested in the subject because it
is one way to look back at cathode process and learn about plasma generation.
Knowledge about the interelectrode plasma is also relevant to the application.
Much of the information on arc plasmas is based on averaging over extended
periods of time (DC arcs) or many pulses (pulsed arcs). In doing so, correla-
tions between the solid-state cathode properties and the plasma properties can
be established, which allowed us to formulate empirical rules. One section is
dedicated to discuss the sources and effects of neutrals in the interelectrode
plasma.

4.1 Plasma Far from Cathode Spots

The cathodic arc plasma expands from the spot region into vacuum or region of
low gas pressure. In contrast to most other plasma systems, the cathodic arc
plasma generator can be approximated by a point source. Even when the cath-
odes are very large, like the up to 2-m-long cathodes used in some commercial
arc coaters, the plasma comes only from one (or several) single point(s) at a given
moment. Over time, however, the locations of spots are distributed over the
cathode surface, and therefore large-area coating is possible.

In this chapter, we consider macroscopic distances of tens of centimeters
between cathode and substrate, and therefore we can neglect that the spot has

A. Anders, Cathodic Arcs, DOI: 10.1007/978-0-387-79108-1_4, 175
© Springer Science+Business Media, LLC 2008
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a structure and that several emission centers may be active. Uniform coatings
require plasma expansion and the motion of the spot and, additionally, motion
of the to-be-coated substrates. As mentioned in Chapter 3, spot motion can be
random, or it can be controlled via magnetic fields or via the voltage drop in the
cathode. While the cathode processes have been dealt with in Chapter 3, here we
focus on the development of the plasma after its initial formation and after ion
acceleration at the cathode spot.

The initial plasma expansion and ion acceleration are governed by pressure
gradients and electron—ion coupling. These forces continue to act as the plasma
moves away from the spot. However, additional effects are important, especially
the location, shape, and size of the anode, external magnetic fields, if present,
and the magnetic self-field generated by the arc current, and, last not least, the
concentration of neutrals. The latter is often overlooked but requires special
attention.

We consider first the case in which no external magnetic field is present, the
anode is perfectly symmetric with respect to the spot location, and the arc
current is relatively low so that the self-magnetic field is not important. Since
there is much lower pressure everywhere around the dense plasma location,
and the electrons do not have a preferred path to the anode, plasma expansion
can be expected to be about spherically symmetric, except the directions
affected by the cathode. This is indeed the case, as was experimentally shown
using a large cylindrical anode with the cathode placed in the center of sym-
metry [1]. Plasma expansion was relatively symmetric in flux (Figure 4.1) and
energy (Figure 4.2). The effect of the cathode can be approximated by a cosine
distribution:

n ~ cos™ 1, 4.1)

where 1 is the angle to the surface normal. The exponent « describes how much
the plasma “plumes” along the surface normal. For a — 0 one would get a
spherical distribution, while a.> 1 is sometimes reported. Alternatively, one may
approximate the angular distribution by an exponential function [2]:

N ~ Frax exp(—w’ /k?), 4.2)

where Fi.y 1s the maximum value (about 2.5%/sr for copper arcs of 100 A), wis
the solid angle, and k is the shape factor (about 4.6 sr for the example of an
annular anode with 11-mm diameter and copper arc of 100 A [2]).

The distributions of Figures 4.1 and 4.2 can be significantly altered when the
anode is not large and not symmetric. For example, when only a small anode is
available, or the anode is placed quite remotely from the cathode, electrons need
to drift to it, carrying the discharge current. A small voltage drop in the plasma
and at the anode sheath affects the electron drift path and the overall plasma
flow via electron—ion coupling. Furthermore, the self-magnetic field of the arc
current tends to pinch the plasma flow. The plasma flow can appear as a jet
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Fig. 4.1. Plasma ion flux from a cathode placed in the center of a symmetric anode (for
selected materials), as a function of angle to the surface normal
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Fig. 4.2. Average kinetic energy of ions emitted from a cathode (for selected materials), as
a function of angle to the cathode surface normal
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Fig. 4.3. Example of plasma jet formation in the case of limited anode area

rather than a symmetrically expanding plasma. Figure 4.3 shows an extreme
example of a plasma jet emanating from a magnetically steered arc source into a
chamber.

Plasma jet formation can be affected by the “disappearing anode” effect in the
reactive deposition of insulating coatings such as aluminum oxide. The anode,
“hidden” behind the insulating coating, disappears electrically as the coating
grows, and therefore the electrons emitted from the cathode need to find what-
ever anode area is still available, i.e., the areas not coated. These areas are often
in the shadow of the designated anode or other components, and plasma jet
formation toward these shadowed areas can be observed. In extreme cases, the
discharge becomes unstable due to the lack of available anode area.

Modeling of plasma jets is difficult mainly due to the feedback that is typical
for plasmas: motion of electrically charged particles generates electromagnetic
fields, and electromagnetic fields affect their motion. A common approach is to
apply plasma models of magnetohydrodynamics [3, 4, 5, 6, 7, §].

4.2 Special Cases of Plasma Expansion

4.2.1 Plasma Expansion into Vacuum

We assume that the plasma went through an initial rapid acceleration very close
to the cathode spot, e.g., by a generalized hydrodynamic mechanism, as
described at the end of Chapter 3. Let us further assume that expansion origi-
nates from a point source (the cathode spot) and that it is not dominated by
external magnetic fields and interaction with gas. Using the continuity equation
and assuming constant velocity after the initial acceleration, the expanding
plasma should exhibit a quadratic drop in density from the spot center. Such
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relationship was indeed found by careful probe measurements. Using very small
probes, Ivanov, Jiittner, and others [9, 10] confirmed experimentally that the
plasma density drops according to the point source law

ILH'C

n==C
2

4.3)

along the surface normal, where C is a constant related to the ion erosion rate
specific to the cathode material, /.. is the arc current, and r is the distance from
the spot. For copper, C ~ 10 A~'m~!. The constants for other cathode materi-
als can be estimated from ion erosion data provided in Chapter 3. Taking the
angular dependence into account, a more general expression can be written as

I(lr(f
n=C 3 cos® ¥, 4.4

with v and 9 as defined in Section 4.1.

4.2.2 Plasma Expansion Dominated by an External Magnetic Field

An external magnetic field will strongly affect plasma expansion. In the most
common configuration, the magnetic field lines intersect the cathode surface
such as (i) to break the symmetry of plasma distribution around the emission site
and thereby provide a preferred direction for spot ignition (so-called “steered
arc”) and (ii) to guide the plasma from the cathode to the substrate (“enhanced
arc,” “filtered arc,” etc.). In any case, the plasma does not expand freely and
therefore its density drops less than quadratic with increasing distance from the
spot. An axial magnetic field is generally used to make the plasma plume in the
forward direction [11, 12], which is used for improved plasma injection into
macroparticle filters (see [13, 14] and Chapter 7).

The motion of electrons becomes greatly affected as soon as the density has
dropped such that electrons become magnetized in the external field, i.e., their
motion becomes governed by gyration in the magnetic field rather than the
frequent collisions during a gyration cycle. One way of estimating the situation
is to compare the kinetic plasma pressure:

— 1y
i A kT, ~20 CZ5kT,, 4.5
Pk Eo’ n 0C-—3 4.5)
with the magnetic pressure
B2
ag = =— 4.6
Pmag 20 (4.6)

In Eq. (4.5), the summation is over all plasma species, and the condition of quasi-
neutrality n, = On; and Eq. (4.3) were used; O is the mean ion charge state
number, k is the Boltzmann constant, 7, is the electron temperature, iy is the
permittivity of free space, and B is the magnetic induction.
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At the extremely high density near the spot, kinetic pressure is dominant,
while the external field is governing plasma motion far from the spot. The
characteristic radius of the transition zone (measured from the spot center)
can be found by setting pin = pPiag. leading to

1 —
ro ~ B \ 40 CpolyckT,. 4.7)

For a rough estimate, one can take k7, ~ 3eV, O ~ 2, C~ 10%A'm~! and
obtains (units in parenthesis)

o 7 Varc(A) (4.8)

B(mT)

For example, considering an arc of 100 A and an external field of 20mT, the
external field starts to dominate plasma motion for distances larger than 3.5 mm
from the spot. Although these arguments are grossly simplified, the main con-
clusion is that plasma is already “magnetized” very close the cathode spot. With
“magnetization” we mean that charged particle motion is governed by gyration
(rotation around magnetic field lines). The mobility parallel to the magnetic field
is unchanged while the mobility perpendicular to the field is drastically reduced
and motion is only possible via collisions or collective phenomena (turbulence).
There is a very large body of literature on the subject of plasmas in magnetic
fields, mainly stimulated by research on thermonuclear fusion, for example [15,
16, 17, 18, 19].

At this point it should be stressed that the field strength is typically high
enough to “magnetize” the electrons but not the ions: the gyration radius of ions
is larger than the characteristic system size such as the characteristic length or
diameter of the cathodic arc system. The radius of the gyration motion (Larmor
radius) is directly proportional to the mass the charged particle:

do(mm)

B v,m
~|QJeB’

where Q is the charge state number (for electrons, Q = —1) and v, is the velocity
component perpendicular to the magnetic field vector. To estimate v, , one may
use the thermal velocity.

Even when the ions are not magnetized, their motion is greatly affected via
electron—ion coupling. As the electrons drift to the anode, the ions will move
along, keeping the plasma quasi-neutral. The plasma will plume from the
cathode spot and preferentially flow along the direction given by the magnetic
field lines [20, 21]. This collective motion will also play a major role when
discussing plasma transport in macroparticle filters (Chapter 7).

r (4.9)

4.2.3 Plasma Expansion for High-Current Arcs

High-current arcs (of kiloamperes or more) are characterized by a large number
of cathode spots. The approximation that the plasma is produced at a point
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source at a given moment can be replaced by the approximation that plasma is
produced uniformly [22, 23]. In that case, one neglects the “granular” or fractal
structure of the emission and considers distances from the cathode surface that
are much larger than the characteristic distances between emission sites.

The plasma density falls much slower than the inverse quadratic drop of
Eq. (4.3), which is an immediate consequence of not having spherical expansion
from a point source. The plasma density drops because the anode and walls are
sinks of particles, i.e., the plasma condenses there. The rate of drop is a function
of the specific geometry.

For high-current arcs, the influence of the self-magnetic field generated by the
high current is large. It leads to jet formation and pinching, and may also lead to
a number of plasma instabilities such as the Buneman instability [9].

To affect and assist current transport, an external axial magnetic field can be
employed, which is used, for example, in vacuum circuit breakers [24]. The
external magnetic field is superimposed on the self-field and thereby can largely
determine the density distribution and plasma flow direction.

4.2.4 Plasma Expansion into Background Gas

The pressure near the cathode spot exceeds atmospheric pressure by a large
factor and therefore it is not surprising that the arc can also exist in gases in a
wide range of pressures, including atmospheric and higher. The arc can even
burn with its electrodes immersed in liquids. For coating applications, one
usually utilizes the arc either in vacuum or with a low-pressure background of
argon, and in the case of reactive deposition with a reactive gas such as oxygen or
nitrogen. Practitioners of arc coating often add some argon background gas, and
this applies to both non-reactive and reactive deposition.

The original motivation of adding a noble gas may have originated from
sputter deposition [25, 26], a widely used kind of physical vapor deposition
(PVD), where a noble gas such as argon is essential to the process. In the case
of cathodic arc deposition, the addition of a noble background gas is not
necessary because the plasma can be exclusively formed from the cathode
material. However, having a low background of argon or other noble gases
has the beneficial effect of stabilizing the arc discharge. In light of the fractal spot
ignition model, a possible interpretation is that the presence of gas increases the
likelihood of spot ignition. This may be due to enhanced ion bombardment, an
increase in pre-cathode plasma density, and a reduction of the cathode sheath
thickness outside the active, emitting spot location.

The introduction of reactive gas in the system has two main effects. First,
it will change the cathode surface by “poisoning,” i.e., compound formation,
which can greatly promote the ignition of type 1 spots (Chapter 3). Second,
the eroded plasma will interact with the gas while expanding. For both noble
and reactive background gases, the ions produced at the cathode emission centers
interact with the much slower background gas atoms and molecules. Ionization of
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background gas and a reduction of the metal ion charge state and kinetic energy
depend on the kind of metal ions and the pressure and type of gas. As a rule of thumb,
when the background pressure approaches ~10 * Torr (~10 mPa), the mean free
path becomes comparable to the size of the coating system, and thus an influence of
the gas on the metal plasma can be expected.

The interaction between an expanding arc plasma and neutral background
gas has been described theoretically using different approaches. Meunier and
Drouet found that the plasma and background gas occupy quite distinct
volumes [27], which could be associated with the formation of a shock front
[28]. In a series of studies, Gidalevich and co-workers [7, 29, 30] suggested that
the front of the explosively formed cathode plasma compresses the background
gas, accelerating the neutral gas while decelerating the plasma, until mixing
occurs. The process was described as a “porous snowplough.”

The shockwave and snowplough model is not universally used or accepted;
the reduction of metal ion energies and charge state pointed to elastic and charge
exchange collisions without the assumption of a shock front [31, 32, 33].

4.3 Ion Charge State Distributions

4.3.1 Experimental Observations

The charge state distributions (CSDs) of ions at high vacuum conditions have
been extensively studied using mass-to-charge spectrometry [34, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44]. The most complete table of experimental charge state
distributions of vacuum arcs was given by Brown [42] and more recently by
Anders and Yushkov [44]. While most investigations are limited to elemental
cathodes, there are also a few studies on multi-element plasmas from alloy
cathodes [45, 46]. It has been found that ion charge states are shifted to higher
values by external magnetic fields [39, 40, 47] and by high discharge currents [48];
the latter effect is likely due to the self-magnetic field.

All of the ion charge state measurements were done in very large distances
from the cathode spot, as viewed on the length scale of the cathode spot size. As
the plasma expands into vacuum, density changes by expansion are much larger
than density changes caused by inelastic collisions (like ionization and recombi-
nation). Therefore, it is reasonable to adopt a model in which those changes by
inelastic collisions are neglected altogether, i.e., the charge state distribution is
considered to be “frozen.”

Since the CSD is originally established by frequent collisions in the vicinity of
the spot, the freezing assumption suggested that freezing occurs when the plasma
expands, i.e., when the plasma density and temperature drop and the collision
rates between particles are dramatically reduced. In the most simplified picture,
the plasma transitions from equilibrium near the spot to non-equilibrium far
from the spot in a rather abrupt manner (“instantaneous freezing”), which will
be considered in the next section. However, as will be shown later, the presence
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of neutrals (from sources other than the cathode spot) can significantly “skew”
the charge state and ion energy distributions as expansion progresses. Therefore,
while the Saha freezing model is a helpful tool in understanding distribution
functions, it oversimplifies reality.

Over the past decades, several attempts [43, 49, 50, 51, 52] have been made to
reproduce the observed charge state distributions by modeling the plasma near the
cathode spot using Saha equations, which are the ionization—recombination
balance equations under equilibrium conditions. Baksht et al. [49] spectroscopically
investigated nanosecond discharges of aluminum in vacuum and found that a
transition to non-equilibrium occurs rapidly when the plasma expands into the
vacuum ambient. Pustovit and co-workers [43] used mass spectrometry for In, Ga,
and Sn cathodes; their conclusions are in agreement with the physical picture
established by Baksht et al. [49]. Radic and Santic [50] and Hantzsche [52] used
the Saha approach to determine reasonable ranges of density and temperature near
the cathode spot for Cd, Mg, Al, Ni, Mo, and Cu. All authors found very high
values for plasma density (of order 10%° m~3) and temperature values up to SeV.
Interestingly, all of the investigators concluded that there is reasonable agreement
between experiment and theory but pointed out that further research is needed.
Radic and Santic as well as Hantzsche noted that the Saha-determined tempera-
tures are higher for higher-charged ions than for just single or double charged ions,
indicating that the assumption of equilibrium is not quite adequate. In the
next sections, the Saha approach is presented in greater detail, followed by a
generalization and discussion of conditions when the Saha freezing model is not
applicable.

4.3.2 Local Saha Equilibrium: The Instantaneous Freezing Model

In the model of “instantancous freezing,” one assumes that the transition from
equilibrium near the spot to non-equilibrium far from the spot occurs very
rapidly. As with all models, there are advantages and limitations. The main
advantage is that the observable charge state distributions far from the spot can
be reduced to equilibrium distributions that can relatively easily be calculated. It
is the simplest model for calculating charge state distributions.

The following assumptions are made that allow calculations of charge state
distributions for all metallic elements of the Periodic Table:

(i) Local thermodynamic equilibrium can be assumed in the vicinity of cath-
ode spots, specifically the ionization and recombination reactions are
balanced and can therefore be described by Saha equations (named after
the Indian physicist Meghnad N. Saha).

(i) The plasma expands and — at a certain distance from the spot center —
transitions rapidly into non-equilibrium.

(iii) The plasma’s transition into non-equilibrium occurs almost instantaneously,
and therefore “frozen” charge state distributions far from the spot reflect the
plasma conditions at the freezing location.
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Fig. 4.4. Schematic illustration of the instantaneous freezing model

(iv) At the freezing location, the plasma is already sufficiently expanded that it
can be treated as ideal or weakly non-ideal plasma, and therefore the Saha
equations can be written in Debye—Hiickel approximation.

(v) The fluctuations of plasma temperature and density at freezing can be
averaged allowing us to introduce an “effective freezing temperature”
and an “effective freezing density” for each element. The ratios of
differently charged ions freeze almost simultaneously, and therefore
only one effective freezing temperature and one effective freezing den-
sity are needed.

The last assumptions will be relaxed in the next section. Figure 4.4 illustrates
the situation: the line indicating a half-sphere is the zone of “instantaneous
freezing.”

Ion charge state distributions are the result of inelastic, ionizing, or recom-
bining collisions of electrons with “heavy” plasma particles, i.e., neutral atoms,
singly charged ions, doubly charged ions, etc. In equilibrium, collisions are
sufficiently frequent so as to cause numerous ionizing and recombining events
per unit time. As a result, the ionization rate equals the recombination rate; the
ratios between the fractions of various charged particles become time indepen-
dent. The dense spot plasma provides the conditions for equilibrium (sufficiently
frequent collisions). Ionization and recombination events can be treated like
chemical reactions, and the corresponding steady-state reaction rate equations
are known as Saha equations [53, 54, 55]:

_ Nne npyq 3 2 EQ+1(T> EQ — AEQ
Sp = =\ 2=/ -2 = 4.10
9] no B ZQ(T) eXp kT ’ ( )

where 1, and ng are the densities of free electrons and ions of charge state Q,
respectively, Q = 0 for neutral atoms, Q = 1 for singly ionized ions, etc., with
Omax the maximum charge state present in the plasma; X (7)) is the temperature-
dependent partition function of ions of charge state Q, k is the Boltzmann
constant, 7 is the temperature, and

Ap = /1/(2n me kT)'2 .11
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is the thermal De Broglie wavelength, and Ey is the ionization energy of the
Q-fold charged ion. The lowering of the ionization energy, AEyp, reflects the
particle interaction or non-ideal nature of the plasma. For weakly non-ideal
plasmas, the lowering of the ionization energies can be described in Debye-Hiickel
approximation [54] by

@+ne

AEy = 4.12
@ " 4neo (p + Ap/8)’ “.12)

where

1/2
Ap = | kT/é&* (n + Z 0’ ngﬂ (4.13)
0

is the generalized Debye length and e, is the permittivity of free space. The
lowering of the ionization energy can be neglected for expanded plasmas but
is significant for dense plasmas. The Debye-Hiickel approximation becomes
invalid when the plasma is extremely dense (strongly non-ideal, when AEy is
comparable to Ep).

The partition function reflects the structure of the electron shells and is
defined by the equation [56]

$=Smax

Eg s
Yo(T) = Z 20.s exp(— kQ7:>’ (4.14)
s=1

where sis the level index (s = 1is the ground state, sy, is the highest excited level
which is bound), gp ; and Ep ; are the statistical weight and the energy of level s
of anion with charge state Q, respectively. The statistical weight gg y = 2Jp s + 1
can be obtained using the total angular momentum Jy ; given in spectroscopic
tables. The system of Egs. (4.10), (4.11), (4.12), (4.13) and is completed by the
charge-neutrality condition:

Omax
ne=>_ Qno. (4.15)
0

The percentages of ion charge states are expressed as particle fractions of the
total ion density (i.e., without neutrals):

fo=5 e 100%, (4.16)
> Ny
0=1

allowing us a direct comparison with the experimental results. The mean ion
charge state is defined by

Onmax Onmax
0= 0ng /Y no 4.17)
0=1 0=1
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This model can be used to assume specific combinations of temperature and
total density at the freezing zone, calculate the charge state distribution, and
compare the result with the experiment. In this approach, the measurements of
the ion charge state distribution far from the spot can be used as a diagnostic tool
for the plasma parameters at the freezing zone. The freezing zone is an “event
horizon” beyond which we cannot probe the plasma using charge state distribu-
tion information. Provided the freezing assumption is good, the observable
vacuum arc charge state distributions can be understood as relics of microexplo-
sions, not unlike the cosmic three-Kelvin radiation is a relic of the Big Bang. We
realize that the concept of “instantaneous freezing” is equivalent to a sharp, well-
defined event horizon of “micro bangs.”

Using the experimental data from Brown’s work [42] (Table BS), and the
ionization energies of Table B3 (both Appendix B), best fits were made for most
metals of the Periodic Table, giving the effective temperature and density at the
freezing zone [57]. The results are arranged in a Periodic Table (Table B6). For
most elements, a relatively good self-consistent fit of calculated distributions and
experimental data could be found, justifying the approach. However, in some
cases, the observed distributions are substantially broader than any fit that can
be constructed based on the instantaneous freezing model. There is a need to
refine or replace the model, as discussed in the next sections.

4.3.3 Partial Saha Equilibrium: The Stepwise Freezing Model

So far it was assumed that the ratios of all ion charge states freeze at the same
time. A more realistic assumption is that the Saha equilibrium is gradually lost as
the plasma transitions into non-equilibrium. In the model of partial local Saha
equilibrium (PLSE), the various ion charge state ratios are assumed to freeze
stepwise at different plasma conditions, that is, at different distances from the
spot center [58].

Partial local Saha equilibrium can be explained in analogy to the well-known
model of partial local thermodynamic equilibrium (PLTE), which is often used
in optical emission spectroscopy [53]. Griem [59] defines a homogeneous, steady-
state plasma system in complete thermodynamic equilibrium (CTE) when all
distributions of the various bound states and ionization stages are in equilibrium
and the velocities of atoms, ions, and electrons are determined by Boltzmann
distributions of the same temperature. The parameters may change gradually in
space and time, which leads to the concept of complete /ocal thermodynamic
equilibrium (CLTE).

Real plasma systems are rarely in CLTE, and thus more complicated models
must be employed. One approach is to consider only part of the system, for
instance a group of energy levels for optical transitions when performing plasma
spectroscopy. Here, the relations between the electron population densities of
the various bound states of an atom or ion are of interest. The energy level
structure of bound states of an atom or ion is shown schematically on the left of
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Fig. 4.5. The energy level structure of bound states of an atom or ion is shown schemati-
cally on the left, and the sequence of ionization energies on the right. Closely spaced energy
levels can be in partial local thermodynamic equilibrium (PLTE), and charge states sepa-
rated by a relatively small ionization energy can be in partial local Saha equilibrium (PLSE)

Figure 4.5. The largest energy gap is usually between the ground state and the
first excited state. The energy gaps between levels decrease as the free electron
continuum is approached. The populations of all energy levels are in equilibrium
if the electron density is sufficiently high due to high rates of collisions [55, 59].
As the electron density decreases, the energy level with the largest gap (usually
the ground state) will not have enough transitions to balance population and de-
population of this level, and therefore that level will not be in equilibrium with
the remaining system. The remaining system, i.e., the excited bound states and
the electron continuum, is still in partial local thermodynamic equilibrium
(PLTE). With further decreasing electron density, more and more levels will
not be in PLTE, until only the highest, closely spaced levels remain in PLTE with
the electron continuum.

According to the Principle of Detailed Balancing, one can readily balance
the forward and reverse reactions if collisional processes are more impor-
tant than radiative decay and recombination. A modified Boltzmann for-
mula for excited states and a modified Boltzmann—Saha equation relate the
densities of ions with charge state Q to the upper levels of ions with charge
state Q—1 [55].

Now, looking at charge state spectrometry, the Principle of Detailed Balan-
cing can be used to consider ionization and recombination reactions in analogy
to excitation and de-excitation reactions in optical spectroscopy. The PLTE
concept allowed us to calculate the population ratios of excited states in the
absence of CLTE. Analogously, the concept of PLSE gives the ratio of charge
states in the absence of complete Saha equilibrium.

The ionization—recombination balance equations are
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on

8—[Q = np+1 I’li Qo+1,0 — HoNe ﬁQ7Q+1 for Q = 0, (418)
Ing 2
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where (3 and « are the ionization and recombination coefficients, respectively. We
follow here the notation of Biberman et al. [60] who defined the coefficients in such a
way that they are density independent (except for the non-ideal plasma correction).
This is convenient since it shows, for example, that recombination is determined by
three-body collisions; inelastic two-body collisions are unlikely to satisfy energy and
momentum conservation. According to the Principle of Detailed Balancing, radia-
tive ionization and recombination are neglected. The first two terms on the right-
hand side of (4.19) describe the increase of ion density of charge state Q by ionization
(from Q-1) and recombination (from Q + 1), and the other two terms describe the
decrease by ionization (to Q+1) and recombination (to Q-1). From (4.19), the
characteristic time of change by ionization and recombination reactions is

AnQ

At = 5 5 .
ng—1Me Bo-1,0 + No+1 Mg Q41,0 — N Ne Bo,041 — N Ny 0,01

(4.20)

As long as the plasma is in Saha equilibrium (near the spot), we can use the Saha
factors Sy defined in (4.10) and obtain

Ang ([ n? 5 -

At = ( < ﬁQ*LQ + SQ He Q11,0 — Ne ﬁQ1Q+1 —n, angl) . (421)
no SQ_1

From this expression we can derive the characteristic times of the individual

processes and their dependence on the charge state Q if we know the charge state

dependence of the ionization and recombination coefficients. Following Biber-
man [60] we have

b)) Ep — AE
Bo.0+1(Eg, T) ~ gQQH exp (— g Q)/(kT)3, (4.22)

kT
and
ago-1 ~ (kT)7"2. (4.23)

The first term in the denominator of (4.21) is independent of Q, the second and
third terms are proportional to exp(—(Ep — AEp)/kT), and the last term is
independent of Q. One can conclude that the characteristic times for recombina-
tion to charge state Q and for ionization from charge state Q increase with Q.
Therefore, ions of higher charge will tend to be in non-equilibrium sooner than
ions of lower charge state.

When we apply this result to the expanding spot plasma we realize that the
highest ion charge states (such as +5 and +4) will leave the Saha equilibrium
system first, while lower charge states (such as +3, +2, +1, and 0) are still in
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equilibrium. This situation of PLSE is illustrated on the right side of Figure 4.5.
With decreasing density and temperature, the states +3, +2, +1 will successively
drop out of PLSE until “freezing” is completed. The freezing zone has now a
finite, non-zero thickness because the ion charge states do not freeze simulta-
neously but successively. This is one explanation why for some materials one
cannot find a single combination of temperature and total density for which the
set of Saha equations reproduces the experimental charge state distribution.

Because freezing density and temperature cover a range of values, more input
information is required than the ion charge state distribution to find unique
solutions. A quantitative analysis of PLSE has, for instance, to deal with the
energy balance, i.e., the rate at which the temperature drops while the plasma is
expanding. The concept of PLSE can be tested by comparing Saha calculations
for different temperatures with experimental charge state distribution data, as
was done for hafnium [58]. Reasonable ranges of temperature and density of the
freezing zone could be identified (3.6 — 2.6eV and 8x 10> m >— 1x10** m ),
cf. Figure 4.6. Additionally, charge state distributions of not-yet-used cathode
elements can be predicted in an approximate manner [61]. Since the development
of the model in the mid-1990s, the charge state distributions of previously not
measured elements, boron [62] and thallium [63], have been measured, and good
agreement with the predictions has been found.

expanding,
non-equilibrium stepwise
plasma freezing

zone

_

Fig. 4.6. Illustration of stepwise freezing and finite thickness of the freezing zone in
accordance with the PLSE model

4.3.4 Plasma Fluctuations

Due to the explosive nature of plasma generation it is not surprising that all
plasma parameters are “noisy,” i.e., they fluctuate around average values. The
“noise” of plasma parameters can be greater than the effects under investigation.
Therefore, literature data are usually based on measurements that have been
repeated many times and results were presented for average values. For example,
data for the burning voltage [64], plasma density [65, 66], electron temperature
[57], ion velocity [44], ion charge state distribution [42, 67], and ion erosion rate
[68] are cathode material and arc current-dependent average data.
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A few studies focus on the fluctuations themselves and give information on
possible instantaneous deviations from average values. As an example of fluc-
tuating plasma parameters, one may look at the instantaneous ion charge state
distribution observed at a fixed distance from the cathode spot. The distribution
can be conveniently recorded using a vacuum arc ion source [58]: lons were
extracted from the flowing plasma and analyzed using a time-of-flight spectro-
meter [69]. The measured sample is obtained by putting a rectangular voltage
pulse to a system of gate plates, allowing us to take a 200-ns sample of the ion
beam, which is directed to the detector.

It is important to stress that these sample-to-sample fluctuations are not due
to uncertainties of the measuring principle but due to the inherently fluctuating
nature of the plasma from which the ions are extracted. Strictly speaking, even
the sample measurement represents an average, too, taken over the finite time
resolution, which is determined by the gate pulse duration of 200 ns.

Figures 4.7 and 4.8 show some result of the experiment for Ag and Au
plasma. One can see that gold exhibits relatively small scattering of mean ion
charge state data while the data for silver scatter significantly. Scattering of
mean ion charge state is the result of processes affected by many specific para-
meters and the statistics of spot ignition. Since spot parameters have been
correlated with the cathode material parameters (see Cohesive Energy Rule,
Chapter 3), one might also look for correlations of cohesive energy and fluctua-
tion statistics. In Figure 4.9 the standard deviations of the measured mean ion
charge states are plotted as a function of the cohesive energy of the cathode
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Fig. 4.7. Determination of the mean ion charge state of silver plasma by time-of-flight
spectroscopy: Each data point is one measurement with an integration time of only 200 ns
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Fig. 4.9. Standard deviation of the mean ion charge state as a function of cohesive energy
for some cathode materials. (Data from [58])

material. One can see some correlation, although the result is clearly affected by

other parameters.

For coating applications, one may argue that the fluctuations are of minor
concern because the coating process is integrating over the deposition time.
Indeed, one can obtain rather reproducible coatings using the cathodic arc
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process. Yet, for precision coatings, the fluctuations represent an issue. This
refers not only to obtaining precise thickness but also to the energetics of the
process, especially when bias is involved. The energy gain in the substrate’s
sheath is directly proportional to the charge state (Chapter 8). When ions are
extracted from the plasma to form a beam, the plasma fluctuations directly
translate to fluctuations of the ion beam [70, 71, 72, 73].

4.3.5 Effect of an External Magnetic Field

A magnetic field impedes the motion of charged “magnetized” particles perpen-
dicular to the field lines (see Section 4.2.2), and therefore the dense plasma does
not transition rapidly into non-equilibrium. When a magnetic field is present,
the PSE/freezing model is not a good approximation; rather, the interaction
between charged particles is reduced in a more gradual way as they move away
from the spot. Ionization and recombination reactions occur in rather large
distances from the spot. Since plasma expansion is much reduced, the electron
temperature reduction will not occur like it did in the adiabatic expansion case.
Consequently, higher ion charge states are observed in the presence of magnetic
fields [40, 41, 44, 67, 74, 75].

Figure 4.10 illustrates that magnetization of the electrons has an immediate
effect on the enhancement of charge states, whereas very strong magnetic fields
do not enhance the charges much further. Figure 4.11 provides a closer look at

5-........ T TTTTTTTT T T T TTTY

mean ion charge state number, Q

o—C o—Ag ——Pt —e—Er|1
—=— Al —5«—Ta ——Ho

magnetic field (Tesla)

Fig. 4.10. Enhancement of the average ion charge states for cathodic arcs in vacuum (arc
current 300 A), charge states measured with a time-of-flight spectrometer. (From [74])
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Fig. 4.11. Ton charge state distribution for tantalum arc plasma at 300 A as a function of
the magnetic field. (From [74])

one of the elements, tantalum, by giving detailed information on the individual
charge states as a function of magnetic field. Also here one can see that the
greatest effect is already obtained for field strength less than 1 T. One should
note, however, that even | T is a rather high field strength. The region of high
field strength is accessible by either going to pulsed operation, as done in the
cited work, or by using superconducting coils.

The arc itself generates a magnetic field which starts to affect plasma expan-
sion and plasma composition when the arc current exceeds about 300 A. It was
experimentally found that the ion charge state distributions are independent of
arc currents as long as the current is low [41], while very high arc currents (>
1 kA) shift the charge distribution to higher values [67]. Figure 4.12 shows the
average charge state for copper plasma, measured at 60 and 200 ps after arc
ignition, as a function of arc current in the absence of an external magnetic field.
Self-field effects are apparent only at high arc currents. Oks and co-workers [67]
used the arc current to drive a magnetic field coil. At high currents, both the
“external” magnetic field (via the coil) and the self-field (generated by current in
the discharge) contribute to the magnetic field effect. Also in this experiment, the
greatest effects were already seen at moderate currents (Figure 4.13).

The enhancement in charge states must of course be related to the energy
balance in the cathodic arc plasma. Since the arc current was kept constant
(determined by the impedance of the power supply circuit), it was clear that the
arc burning voltage, measured directly between cathode and anode, might be
higher such as to provide greater power to the discharge. Equivalently, one may
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Fig. 4.12. Average charge state for copper plasma, measured at 60 and 200 ps after arc
triggering, as a function of arc current in the absence of an external magnetic field. (From [67])

50 T — -
Uranium, B =1 G/A* 1,

lon current fraction, (%)

Arc current, (kA)

Fig. 4.13. Ion charge state distribution of uranium plasma as a function of arc current
and “external” magnetic field: the discharge current was used to drive a magnetic field coil
with 10# T/A (10* T/A = 1kG/kA). (From [67])

say that the impedance of the plasma is increased. Figure 4.14 shows the charge
state distribution for carbon ions as a function of arc current (coupled with an
external magnetic field). Remarkably, the mean ion charge state of carbon ions can
be greater than one under these conditions (Figure 4.15). A correlation between
mean ion charge state and impedance can be established (Figures 4.15 and 4.16).

Krinberg [76] calculated that the electron temperature in the near-cathode
region is proportional to the arc current and inversely proportional to the
coefficient of erosion of the cathode material, in good agreement with
observation.
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Fig. 4.15. Average carbon ion charge state as a function of arc current. Upper curve: arc
current was connected to a magnetic field coil of 10* T/A. Lower curve: magnetic field

coil was disconnected; only the self-field played a role in changing the impedance

4.3.6 Effect of Processing Gas

The plasma—gas interaction leads to a reduction in the average ion charge state
through several processes as soon as the pressure is increased, and the mean free
path is comparable or shorter than a characteristic system length, such as the
distance between cathode and substrate. Figure 4.17 shows the example of alumi-
num plasma expanding in either argon or oxygen. Charge exchange collisions
between multiply charged ions and neutrals are most relevant for the reduction of
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Fig. 4.16. Arc voltage, as measured between anode and cathode, for the carbon arc as
shown in Figure 4.15. (From [67]. Note: the voltage drop inside the carbon cathode rod is
included, that is, not all of the measured voltage is related to the impedance of the carbon
plasma, see discussion in [64])
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Fig. 4.17. Example of metal plasma—gas interaction: the decrease of the average charge
state depends on the gas, here argon or oxygen. (From [87])

the mean charge state of metal ions. Higher-charged ions are especially affected.
The other main collisional process is electron—ion recombination, which is impor-
tant at higher pressures because gas atoms serve as the third body in three-body
recombination. A third body is generally needed to simultaneously satisfy energy
and momentum conservation in the collisional process [77].

While the ion charge of the metal plasma is reduced, partial ionization of the
processing gas occurs, either via direct electron impact ionization, which is
especially relevant in the presence of a magnetic field, or via the above-men-
tioned charge exchange collisions.
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The interaction of the arc plasma with background gas has been investigated
by several researches [78, 79, 80, 81, 82, 83, 84, 85, 86, 87]; the effects on ion
charge states and energies are so important that a larger section will be devoted
to a more detailed discussion (Section 4.5).

4.4 lon Energies

At the end of Chapter 3, a correlation was established between the mean ion
energy and the cohesive energy of the cathode material (Table B8). Most of the
ion acceleration was accomplished very close to the cathode spot, and that the
local energy balance at the spot greatly influences the ion energies observed far
from the spot, provided we consider plasma expansion into vacuum. The ion
energies can be greatly altered when a magnetic field is present or when ions
collide with background gas molecules. In this section, we first further explore
ion energy distribution functions and move on to the cases of magnetic field and
background gas effects.

4.4.1 Ton Energy Distribution Functions for Vacuum Arcs

The cathodic arc plasma plumes from the cathode spot into the processing
chamber. The flow can be described as mesosonic because it is subsonic for
electrons:

Vearifi < (KTo/me)"?, (4.24)
and, conversely, supersonic for ions:
Viarip > (kKT fmy)' 2. (4.25)

When using the term sound velocity it should be remarked (a) that the electron
sound waves are exponentially damped for low frequencies, w <w,;, where w); is
the plasma frequency, and undamped for w>w,; and (b) that the electron
temperature appears in the formula for the ion sound velocity (for a more
general derivation see text books on plasma waves such as [88, 89]). Since
electrons and ions stream approximately with the same drift velocity, one can
see that the distinction in subsonic versus supersonic is rooted in the difference of
electron and ion mass.

Electrons are generally treated as having a thermal distribution. The fact that
they drift with the plasma could be taken into account by a small shift of their
Maxwell distribution. Such shift is generally neglected and one can write

3/2 2
B m ) _my
f(v) =4n <2nkTe) v exp( 2kTe>' (4.26)

The situation is much more complicated for ions. One may assign a tempera-
ture or thermal energy, kT, to the ions using a frame of reference moving with
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Fig. 4.18. Schematic of plasma flow and detector position for energy measurements

the center of mass of the plasma. The description of ion motion can be thought
of as being composed of a thermal motion and a drift as seen in a laboratory
frame of reference. In practice, one looks at the distribution functions measured
in one direction, usually with the detector facing the incoming plasma flow
(Figure 4.18), thereby getting information on the drift and thermal spread.
The ion distribution functions are then shifted Maxwellian distributions which
can be expressed as [83, 87, 90, 91]

¢i(E) = C, Eexp {_(ﬁ_ \/Z;d“)z/kT} 4.27)

where C is a scaling constant and Ey;, is the kinetic energy of the directed
motion.

Some studies just deal with the determination of the most-likely velocity for a
given cathode material, v}, i.e., the peak value of the ion velocity distribution
function, which can readily be converted into the most-likely ion energy accord-

ing to £}, = mi(vf)2/2. As Rosén and co-workers pointed out [92], the most-

likely values of velocity and energy are not the average values because the
distribution functions are usually not symmetric but have a long tail. More
information is provided by those studies that deal with the complete velocity
or kinetic ion energy distribution functions [35, 36, 91, 93, 94, 95]. Distribution
functions of kinetic energy ¢(E) or directed velocity f(v) are equivalent and can
be converted [96]:

(4.28)

with v(E) = (2E/m)"/*.

To determine the kinetic ion energies or drift velocities, one usually employs
either (i) time-of-flight (TOF) techniques [44, 97, 98, 99, 100, 101] or (ii) electro-
static field methods [35, 36, 83, 91]. While TOF measurements deliver velocity
information, electrostatic field methods provide information on energy.

The simplest case of TOF measurements does not use charge and mass
resolution. The drift time of the plasma flow over a given macroscopic distance
is measured. To create time markers, the plasma production can either be kept
short [97], or be modulated by oscillating the arc current [44] or superimposing
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short current spikes [102]. Because peaks in the ion signal are used, the informa-
tion obtained is about the most-likely drift velocity (the maximum of the velocity
distribution).

By using rapid arc termination by a crowbar (arc bypass) switch, the deriva-
tive of the ion current signal can be used to determine the charge-state-averaged
velocity distribution function in the flow direction [95]. Using a 2-m-long plasma
drift TOF section, a comprehensive collection of charge-state-averaged velocity
distributions was created. Some of them are displayed in Figure 4.19. Each of
these distributions was derived by averaging 100 measurements under the same
conditions, capturing 50,000 data points per measurement [95]. Because the
TOF principle does not depend on the plasma potential, the error associated
with ion acceleration at the detector sheath is negligible (in contrast to electro-
static energy measurements, as discussed below).

A striking feature is that there is one distinct peak in the distribution func-
tions, even as there was no resolution of charge states in these measurements.
This shows that most ions drift with approximately the same velocity. This is
true for many elements, even as they have very different charge state distribu-
tions. This supports the notion that ions are hydrodynamically accelerated at
cathode spots, as opposed to acceleration by the electric field of a potential
hump. Hence, the hump is small or non-existent. Acceleration by the hump
would have manifested itself through the appearance of peaks in the velocity
distribution when different charge states are present in the plasma. The distribu-
tions have a large error at high velocity (kinetic energy) because they are
obtained by using the first derivative of a signal that is noisy despite the fact
that an average over 100 measurements was used [95]. Therefore, the individual
peaks seen at high energy should not be over-interpreted: they only indicate that
a high-energy tail may exist.

Charge-state-resolved information on the most-likely velocities of ions in the
flow direction can be obtained by combining the plasma drift with an ion beam
time-of-flight system [94, 100]. Such experiments indicated that all ions, regard-
less of their charge state, drifted with about the same velocity.

Electrostatic field techniques come in various embodiments such as the
retarding field analyzer (RFA) [103], or curved sector analyzer (like the EQP
by HIDEN Ltd), or cylindrical mirror analyzer (CMA, like the PPM422 by
Pfeiffer Vacuum). The RFAs have the disadvantage that they cannot discrimi-
nate between<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>