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About this work

This thesis is part of my PhD studies in the Plasma Technology working group at the Faculty
of Mathematics and Science of the Christian-Albrechts-University Kiel. Much of the work
has been performed in collaborations with national and international partners. The central
goal of my research is to study and understand the energy flux to a substrate which is in
contact with a process plasma or an ion beam. The distinct focus of these investigation is
on magnetron sputtering environments.

The thesis is organized in two main parts: An introductory part which is intended to
provide the reader with the relevant theoretical background applicable to the investigations
presented in the experimental results. And the second part, where a selection of the results
obtained as a part of my PhD studies are presented in the form of peer-reviewed publications
which are organized according to the measurement method and type of investigated system.

Additional to the relevant theory, the introductory part includes a chapter about the
optimization of the passive thermal probe design and a detailed analysis of the calibration
procedure. This part and the detailed description of the passive thermal probe are included,
to point out some of the pitfalls that are encountered when working with thermal probes
and give the reader insights into the details of this seemingly simple diagnostic method.
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Abstract

The use of plasmas as an industrial processing tool is nowadays commonplace in a variety of
industries. One of the most versatile plasma based appliances is the ion beam. Originating
from atomic and nuclear research as well as from the space propulsion field, nowadays they are
used in diverse fields such as medicine, biology or material sciences. A specialized application
is the use for thin-film deposition, a domain that is typically dominated by magnetron
sputtering processes. Magnetron sputtering is among the oldest and most widespread plasma
based coating techniques and is established in the industry as one of the most important
techniques for the production of thin functional coatings. For example, the production of
products like the integrated circuit, CDs/DVDs or hard disc drives rely on the sputter
deposition of thin films of various materials. Besides in these technologically critical products,
Magnetron Sputtering is also widely used in more trivial applications like e.g. anti-reflection
or decorative coatings.

Especially for surface modification and coating processes many investigations of the last
decades have shown that the interaction between the plasma and the substrate is of critical
importance. This interaction is characterized by the so called plasma-surface-interactions
and is mainly determined by the particle and energy balance between plasma and surface.
A substrate or a growing film which is in contact with a plasma, is exposed to an energy
flux originating from various different processes. For example, energy can be transferred to
the substrate from the impact of fast heavy particles like ions or neutrals or in a much less
localized form by radiation or the bombardment by electrons. The distinction between the
different processes is of specific importance since they influence the film growth and therefore
the properties of the deposited film in different ways. To gain a better understanding and im-
prove existing plasma based surface processes it is of fundamental importance to characterize
the particle and energy flux, and through this, understand the underlying mechanisms.

The focus of this thesis is the measurement of the energy flux and the characterization of
associated processes. Accordingly, measurements of the energy flux and related parameters
were performed in an ion beam and a variety of different magnetron sputtering experiments.
In the case of magnetron sputtering, the energy flux is fundamental due to its impact on the
growing film, for gas aggregation sources (GAS) it can be used to gain information about the
aggregation process of the nanoparticles and for the case of ion beams, relevant parameters
regarding beam geometry and composition can be obtained. The measurements were prima-
rily performed with two types of calorimetric probes: the active thermal probe (ATP) and
the passive thermal probe (PTP). Although both probes produce the same measurement
result, each has its particular advantages which make it more or less suitable depending
on the specific environment. In all cases the energy flux measurements were performed in
parallel with other techniques which were chosen to create the greatest synergy and allow to
obtain a more complete picture.

As part of the advanced electric propulsion diagnostic (AEPD) platform the ATP was in-
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Abstract

tegrated into a measurement array comprised of a variety of beam diagnostics and methods
for characterizing of the mechanical state of the thruster. The AEPD platform is designed to
provide a standardized tool for thruster characterization which allows for effective classificati-
on and comparison between different systems. The results obtained in different environments
and with different ion thrusters proofed the functionality of this platform and demonstrated
the synergy that can be obtained from the comparison between the different diagnostics.

To investigate the effect of an external magnetic field in a confocal magnetron sputtering
experiment, measurements with the ATP and a Langmuir probe (LP) have been performed.
The results showed that the plasma conditions and the energy flux to the substrate change
dramatically as a function of the additional magnetic field. By proper adjustment of the
external field, the ’balance’ of the magnetrons could be varied to increase the ion-to-neutral
ratio by up to 30 times. The deposited sample films showed a clear correlation between the
stress in the film and the ion flux density.

To study the composition of the energy flux in magnetron sputtering systems in a more
general way, extensive measurements with PTP, quartz crystal microbalance (QCM) and
Langmuir probe have been performed for various gas-target-combinations. The composition
as well as the absolute magnitude of the energy flux was found to change strongly, even for
the comparably simple case of dc magnetron sputtering with inert process gases. Depending
on different process parameters, the energy flux was found to be dominated by either reflected
neutrals, sputtered atoms or radiation from the hot target.

A less conventional application of magnetron sputtering can be found in gas aggregation
sources (GAS). Here, the sputtered atoms are the starting point for an agglomeration process
which produces particle clusters on the nano-scale. These nano-particles, by themselves or
as part of functional films, can have astonishing properties and sparked their own field of
science. To better understand the agglomeration process in the plasma, it is essential to
know the conditions present in the aggregation source. To achieve this, the energy flux and
deposition rate along with basic plasma parameters were measured inside a typical GAS.
The results showed a comparable composition of the energy flux to the conventional lower
pressure regime and indicated an important contribution to come from reflected neutrals,
especially in cases where tungsten is part of the target material.

An innovative addition to the magnetron sputtering field is the combination of high-power
impulse magnetron sputtering (HiPIMS) and plasma based ion implantation (PBII). This
combination allows for cleaning, coating and doping in a single process and promises great
possibilities for application. Since both processes are pulsed, it is especially the synchroni-
zation between HiPIMS and PBII which adds an additional interesting parameter to the
system. To investigate this parameter and its effect on the energy flux to the substrate, a
special setup of a PTP and a substrate made of a grid has been used to obtain an indirect
measure of the energy flux to the PBII substrate. This setup was found to provide time-
resolved information of the ion-density in the substrate region and indicated that ions travel
as a relatively well-defined bunch or wave from cathode to substrate. In a subsequent set of
measurements the grid-setup was replaced by a modified version of the PTP, which allowed
for direct application of high-voltage pulses on the probe substrate. This way absolute values
for the energy flux were obtained and the comparison with the substrate current provided
insights into the secondary electron yield of the PBII substrate. The observed ion wave was
identified in these measurements as well and by use of a time of flight method its transport
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was identified to be strongly collision dominated.
As part of this thesis a thorough understanding of the calorimetric diagnostic and proces-

ses which create the measured energy flux in plasmas have been developed. These insights
allowed to further refine many aspects of the PTP, both regarding its evaluation methods,
the calibration process as well as its physical design.
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Kurzfassung

Heutzutage ist der Einsatz von Plasmen als industrielles Werkzeug weit verbreitet und in
einer Reihe von Industrien etabliert. Eine der vielseitigsten plasmabasierten Anwendungen ist
der Ionenstrahl. Beginnend vom Ursprung in der Atom- und Nuklearwissenschaft als auch
in der Raumantriebsforschung, findet er heutzutage in verschiedensten Gebieten wie der
Medizin, der Biologie oder den Materialwissenschaften seine Anwendung. Eine spezialisierte
Anwendung ist in der Nutzung zur Dünnschichtabscheidung zu finden, ein Feld in welchem
das Magnetron Sputtering eine vorrangige Stellung einnimmt. Magnetron Sputtering zählt
zu den ältesten plasmabasierten Beschichtungstechniken und hat sich in der Industrie zur
Herstellung dünner funktioneller Schichten als eine der wichtigsten Techniken etabliert. So
basiert beispielsweise die Herstellung von integrierten Schaltungen und auch von Festplatten
auf der sputterbasierten Abscheidung von verschiedensten funktionellen Schichten.

Insbesondere im Bereich der Oberflächenmodifikation und Beschichtung zeigten eine Viel-
zahl von Untersuchungen, dass die Wechselwirkung zwischen Plasmen und dem zu behan-
delnden Substrat von besonderer Wichtigkeit ist. Diese Wechselwirkung wird unter dem Be-
griff der Plasma-Wand-Wechselwirkung (PWW) zusammengefasst und ist besonders durch
den Teilchen- und Energieaustausch zwischen dem Plasma und der mit dem Plasma in Kon-
takt befindlichen Oberfläche bestimmt. Ein Substrat oder eine wachsende Schicht welches in
Kontakt mit einem Plasma ist, ist einem Energiestrom ausgesetzt welcher durch unterschied-
lichste Prozesse verursacht wird. So wird Energie beispielsweise durch das Auftreffen von
schnellen schweren Teilchen wie Ionen oder Neutralen oder weniger lokalisierten Prozessen
wie der Absorption von Strahlung oder dem Bombardement durch Elektronen übertragen.
Die Unterscheidung zwischen den verschiedenen Prozessen ist von besonderer Bedeutung, da
sie sich unterschiedlich auf das Schichtwachstum und somit auf die Eigenschaften der abge-
schiedenen Schicht auswirken. Um ein besseres Verständnis über bestehende plasmabasierte
Prozesse zur Behandlung oder Beschichtung von Oberflächen zu entwickeln und so diese
Prozesse zu optimieren, ist es von grundlegender Wichtigkeit den Teilchen- und Energiefluss
zu bestimmen und hierdurch die zugrundeliegenden Mechanismen zu verstehen.

Der Schwerpunkt dieser Arbeit liegt auf der Messung des Energiestroms auf ein Substrat
welches in Kontakt mit einem Ionenstrahl oder dem Plasma von verschiedenen Magnetron
Sputtering Systemen ist. Im Falle vom Magnetron Sputtering ist die Motivation hierfür we-
sentlich durch den Einfluss des Energiestroms auf das Schichtwachstum gegeben, während
im Falle von Gasaggregationsquellen (GAS) die Bedingungen im Plasma für den Aggregati-
onsprozess von besonderem Interesse sind. Für Ionenquellen wiederum kann die Messung des
Energiestroms Aufschluss über die Strahlgeometrie und -zusammensetzung geben. Die Mes-
sungen wurden hauptsächlich mit zwei unterschiedlichen Formen von kalorimetrischen Son-
den durchgeführt: der aktiven Thermosonde (ATP) und der passiven Thermosonde (PTP).
Obwohl beide Sonden dieselbe Messgröße bestimmen, besitzt jede Form seine speziellen
Vorzüge, wodurch die Wahl der richtigen Sonde abhängig von dem jeweiligen Experiment
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gewisse Vorteile birgt. Bei allen Untersuchungen wurden zusätzlich zu den Energiestrom-
messungen weitere Diagnostiken verwendet, wodurch aus der Kombination der jeweiligen
Ergebnisse ein besseres Gesamtbild erhalten werden kann und zudem Erkenntnisse gewon-
nen werden können, welche aus der separaten Messung nicht hervorgehen.

Als Teil der
’
advanced electric propulsion diagnostic‘ (AEPD) Plattform wurde die ATP in

ein Array von verschiedensten Strahldiagnostiken und Methoden zur Charakterisierung des
Triebwerkszustandes integriert. Die AEPD Plattform wurde als standardisierte Diagnostik
zur Charakterisierung von Ionenstrahltriebwerken konzipiert, welche eine effiziente Klassifi-
zierung und einen Vergleich zwischen verschiedenen Systemen ermöglicht. Die Ergebnisse,
welche in verschiedenen Umgebungen und mit verschiedenen Triebwerken gesammelt wurden,
bestätigten die Funktionalität der Plattform und demonstrierten das synergetische Potenti-
al welches durch die standardisierte Verbindung verschiedener Diagnostiken erreicht werden
kann.

Messungen mit der ATP und einer Langmuirsonde in einem konfokalen Magnetron Sput-
tering System, welches durch eine zusätzliche elektromagnetische Spule erweitert wurde,
zeigten, dass sich die Plasmaeigenschaften und hierdurch auch der Energiestrom auf das Sub-
strat stark in Abhängigkeit des zusätzlichen Magnetfeldes ändern. Durch die Veränderung
des externen Magnetfeldes lässt sich die

’
balance‘ der Magnetrons so verändern, dass sich

das Verhältnis aus Neutralteilchen zu Ionen bis zu 30-fach erhöhen lässt. Die durchgeführten
Testabscheidungen zeigten eine klare Korrelation zwischen der Spannung im Film und der
Ionenflussdichte auf das Substrat.

Zur allgemeingültigen Untersuchung der Zusammensetzung des Energiestroms in einem
Magnetron Sputtering System wurden umfassende Messungen mit der PTP, einer Quarz-
kristall-Mikrowaage (QCM) und einer Langmuirsonde (LP) unter Nutzung verschiedener
Prozessgas-Kathodenmaterial Kombinationen durchgeführt. Sowohl für die Zusammenset-
zung als auch für die absolute Stärke des Energiestroms wurden hohe Veränderungen selbst in
dem verhältnismäßig einfachen System des dc Magnetron Sputtering mit inerten Gasen fest-
gestellt. In Abhängigkeit von verschiedenen Prozessparametern, wurde der Energiestrom ent-
weder von reflektierten Neutralen, von gesputterten Atomen oder von der Wärmestrahlung
eines heißen Targets dominiert.

Eine weniger konventionelle Anwendung von Magnetron Sputtering lässt sich im Bereich
der Gasaggregationsquellen (GAS) finden. Hier bilden die atomaren gesputterten Teilchen
die Grundlage für den Agglomerationsprozess zur Bildung von nanometergroßen Clustern.
Diese Nanopartikel weisen beispielsweise in Form einer funktionellen Beschichtung außer-
gewöhnliche Eigenschaften auf und ermöglichen eine Vielzahl von innovativen Anwendungen.
Zur Erlangung eines umfassenden Verständnisses über den Entstehungsprozess im Plasma,
ist es nötig die Bedingungen welche in der Aggregationskammer herrschen zu bestimmen.
Um dies zu erreichen, wurde der Energiestrom und die Abscheiderate zusätzlich zu den we-
sentlichen Plasmaparametern in einer typischen GAS untersucht. Die Ergebnisse zeigen eine
vergleichbare Zusammensetzung des Energiestroms wie er auch im konventionellen Druckbe-
reich zu finden ist. Weiterhin deuten die Ergebnisse darauf hin, dass besonders reflektierte
Neutrale eine wesentliche Rolle spielen, was insbesondere dann gilt, wenn das Kathodenma-
terial Wolfram beinhaltet.

Eine innovative Ergänzung des Magnetron Sputtering ist durch die Kombination von Hoch-
energieimpulsmagnetronsputtern (HiPIMS) mit Plasmabasierter Ionenimplantation (PBII)
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gegeben. Die Kombination beider Techniken ermöglicht Reinigung, Beschichtung und Do-
tieren in einem Prozess darzustellen, wodurch sich vielseitige Anwendungsmöglichkeiten er-
geben. Da es sich bei beiden Prozessen um gepulste Techniken handelt, ist insbesondere die
Synchronisation der Pulse von Interesse, da sich hierdurch ein weiterer interessanter Para-
meter zur Einstellung des Prozesses ergibt. Um diesen Parameter und dessen Auswirkung
auf den Energiestrom auf das Substrat zu untersuchen, wurde ein spezieller Aufbau ent-
wickelt, welcher durch den Einsatz eines Gitters eine indirekte Messung des Energiestroms
auf das Substrat ermöglicht. Mit diesem Aufbau konnten zeitaufgelöste Informationen über
die Ionendichte im Bereich des Substrates erhalten werden und die Ergebnisse ließen dar-
auf schließen, dass sich die Ionen in Form einer relativ klar definierten Ansammlung oder
Welle von der Kathode zum Substrat bewegen. In einer nachfolgenden Untersuchung wur-
de der Gitteraufbau durch eine modifizierte Version der PTP ersetzt, welche es ermöglichte
das Messsubstrat der PTP direkt als PBII-Substrat zu verwenden. Auf diese Weise konn-
ten absolute Werte für den Energiestrom bestimmt werden und durch Vergleich mit dem
Substratstrom Informationen über die Emission von Sekundärelektronen aus dem Substrat
erhalten werden. Auch hier wurde die bereits beobachtete Ionenwelle identifiziert und mittels
Flugzeituntersuchung konnte bestimmt werden, dass der Transport dieser Welle stark durch
Stöße mit dem Hintergrundgas bestimmt ist.

Als Teil dieser Arbeit wurde ein grundlegendes Verständnis der kalorimetrischen Mess-
methode entwickelt und die Prozesse welche dem Energiestrom in Plasmen zugrunde liegen
intensiv untersucht. Die gewonnenen Einsichten wurden unter anderem dazu genutzt die
passive Thermosonde weiter zu optimieren indem sowohl die Auswertmethodik als auch der
Kalibrierprozess und das Sonden Design an vielen Stellen verbessert wurden.
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1 Introduction 3

1 Introduction

Plasmas are not intuitively understandable to humankind and in fact most people would
rather connect the term plasma to the blood plasma instead of an ionized gas. On one hand
this is because plasmas, in most of their forms, are not compatible with human life, but more
importantly it is due to the fact that they are seldom encountered in everyday life. This is
in spite of the fact that more than 99% of the visible universe is in the plasma state. So
what is the reason for this apparent contradiction?

Most of the matter in the universe is agglomerated in stars in the state of a thermal plasma
created by the immense gravity and the energy supplied by nuclear fusion and additional
to that, the interstellar and the intergalactic medium is in the plasma state as well [1].
On earth on the opposite, plasmas seldom appear natural because the average temperature
is extremely low compared to the conditions found on the stars in the universe. Due to
their exotic nature and apparent randomness of appearance, natural plasmas were typically
perceived as the work of gods and often interpreted as a sign of bad fate. Comets were
thought to forecast disasters like the outbreak of a plague or a war, lightning was attributed
to an angry Zeus and one of the many interpretations of the Aurora Borealis explained it as
the reflection or glow from shields and armor of the Valkyrie, see figure 1.1.

Figure 1.1: Examples of natural plasmas observable from earth. From left to right: A comet with a glowing
tail made from plasma [1], lightning [2], aurora borealis [2].

Only in the past 200 years mankind has learned to generate and contain plasmas artificially
and to use them to their own benefit. This resulted in an exponential increase of the
understanding of plasmas and produced a wide field of technological applications. Without
some of these applications like microprocessors, our modern digital world would not be
possible. A large branch of research in the field of plasma physics was sparked by the desire
to reproduce the energy production of the sun. In principle nuclear fusion can be achieved
by confining a plasma with a magnetic field in such a way that it will only transfer so little
energy to containing walls that it can be effectively heated up to temperatures beyond those
present on the stars. However, this task turned out to require research at the forefront of such
a variety of different fields of science, that it is still uncertain how much time is needed to
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4 1 Introduction

successfully fulfill it. Another traditional domain for plasma applications, which represents
a less challenging environment, is the use for lighting. For years, low-pressure discharges in
fluorescent tubes were the omnipresent light source associated with any office space or public
building, bright high-pressure electric arc lamps lighted the streets and the rise of energy-
saving lamps is marked by the flickering and slow increase in brightness when switching on a
compact fluorescent lamp. Only recent development in LED technology provided a superior
method for lighting and slowly replaces plasma lamps in most applications. Another field of
plasma technology which is affecting our modern life in an ever increasing way is related to the
semiconductor industry. Without the development of low temperature plasmas, which allow
for material processing on the nanometer scale, the production of modern integrated circuits
would have not been possible. Nowadays, microprocessors and the products which evolved
from this technology, accompany our everyday live in the form of smartphones, computers or
even smart home appliances. Parallel to the rise of the application as a processing tool in the
semiconductor industry, plasma technology has spread into various industrial fields where it
is used for surface cleaning, coating, modification and activation and has been established
as one of to the predominant processes for the coating with technological thin films. In
most of these application the key quality which differentiates it from other methods, is the
pronounced non-equilibrium between electrons and the more heavy particles in the plasma.
This allows to enhance and trigger chemical reactions which require high energies, without
exposing the treated material to high thermal loads. Furthermore, the precise adjustment of
the plasma properties through magnetic and electric fields, allows to control plasma based
processes at a speed and level of accuracy which is unmatched by comparable thermal or
chemical processes.

These advantages have motivated ongoing development and creation of new plasma based
thin film deposition techniques. One of the first and most widespread plasma based depo-
sition techniques is direct current magnetron sputtering (DCMS) where material of a solid
cathode is evaporated by bombardment with energetic ions. The sputtered atoms can then
condense on a substrate positioned close to the evaporation source to build a thin film. One
of the most noted enhancement of DCMS is the high-power impulse magnetron sputtering
(HiPIMS), where the DC power supply used in conventional magnetron sputtering is re-
placed by a low frequency pulsed power supply. The reduction of the duty cycle achieved
by this technique allows to apply high voltages without overheating the target and conse-
quently generates a more highly ionized plasma. This higher degree of ionization not only
creates films with superior properties but also allows the combination with plasma based
ion implantation processes (PBII) which are used for doping materials by implantation of
atoms. These so-called plasma based ion implantation and deposition (PBII&D) systems
can be used to combine multiple process steps into a single system and, thus, create new, or
refine present applications. Another innovative application of magnetron sputtering can be
found in gas aggregation chambers (GAS), where the magnetron cathode is used as a particle
source in the aggregation process of nanometer sized clusters of atoms. This technique has
evolved to be one of the most important techniques for the production of nanoparticles and
nanoparticle-enhanced thin films.

To fully exploit the advanced techniques for process control available in plasma based
technological applications, it is essential to understand the processes in the plasma and the
interaction of the plasma with the substrate. This can only be achieved by applying extensive
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diagnostics on these processes, which resulted in the development of a vast array of diagnostic
tools. These include relatively simple methods like the measurement of plasma parameters
with a Langmuir probe or the detection of depositing flux with quartz crystal microbalances
but also created a whole field of optical diagnostics or complex diagnostic systems like energy
resolved mass spectrometers. One diagnostic which has proven to be particularly useful for
thin film deposition processes is the calorimetric probe. This type of probe allows to obtain
the energy flux to a substrate exposed to a plasma and, thus, provides critical information
regarding the thermal load on the substrate and about the energy available during film
formation. The experimental determination of process parameters is not only of central
importance for monitoring industrial processes, but is also at the heart of any simulation,
either for comparison of the results, or directly as an input parameter to the theoretical
model. The collection and evaluation of experimental data and the refinement of diagnostic
methods is thus essential to the development of improved systems and for the prediction of
the effect of process parameters on the desired outcome.
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2 Plasma State

2.1 The plasma state of matter

Plasmas are often called the ’fourth state of matter’ which is due to the fact that a plasma can
be created by adding a sufficient amount of energy to a substance in the gaseous state. Where
for a solid substance to pass into the liquid state, the enthalpy of fusion needs to be provided
and for a liquid substance to pass into the gaseous state, the enthalpy of vaporization needs
to be added to the system, a similar concept applies for the transition from the gaseous
state to the plasma state. For a mono-atomic gas, as more and more energy is added to
the system, at some point the energy will be high enough that the ionization energy can
be overcome and accordingly the neutral atoms will separate into electrons and ions and a
plasma is formed.

The purpose of this chapter is to give a basic introduction into the fundamental concepts
of plasma physics. In the first section, some general properties which are common to all
types of plasmas are introduced, while in the second section, important phenomena observed
especially in low temperature plasmas are described in more detail. For a detailed and
exhaustive description of the plasma state of matter the reader is advised to the standard
text book literature [3–7].

2.1.1 Universal plasma properties and definitions

Although the roots of plasma physics date back to the 17th century, the ground for modern
plasma physics, was only laid in the 20th century by Irving Langmuir and his co-workers
[8]. In his work ’Oscillations in ionized gases’, Langmuir was the first to introduce the
term plasma which he described as a region of ’balanced charges of ions and electrons’.
Through systematic investigations and proper explanation by mathematical models, they
formulated some of the general laws which still define our modern concept of a plasma. In
principle, it is characterized using the same terminology as used for a neutral gas, which is
primarily described by the number of particles per unit volume n and by their motion which
is determined by the temperature T . While the ideal gas consists of a single species only, the
plasma must be described as a mixture of two individual gases: the light electrons and the
heavy ions. To distinguish between these two, individual densities (ne, ni) and temperatures
as a measure of the average energy (Te, Ti) are assigned to electrons and ions.
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8 2.1 The plasma state of matter

Quasi neutrality

By definition, a plasma must contain equal numbers of ions and electrons, or more generally
speaking, an even number of negative and positive charges:

∑

k

qkni,k − e0ne = 0. (2.1)

Here, qk depicts the charge of the ion which can be both positive or negative and also
includes the possibility of multiply charged ions. For a single ion species of charge qk = +e0
the quasineutrality condition can be reduced to a condition for equal charge densities ni = ne.
From equation 2.1 it can be seen that the plasma is neutral from a macroscopic point of view,
however, as described in the next section this does not have to be true on the microscopic
scale. To account for this deviation from neutrality, which in fact is an essential characteristic
of the plasma, the supplement quasi was added to the term.

Collective behavior

In opposition to a neutral gas where atoms only interact with each other according to the
short-range van der Waals forces (r−6), in a plasma, the particle interaction is based on the
Coulomb force which decays on a much longer scale (r−2). As a result, each plasma particle
interacts with a large number of other particles and, thus, a collective behavior is created.
This collective behavior is the basis for some of the most fascinating qualities observed in a
plasma such as the Debye-shielding or plasma wave phenomena [5].

Classification of plasmas

Plasmas are typically classified according to the density of electrons ne and their energy
as characterized by the electron temperature Te. The range of these parameters illustrate
the diversity of the plasma state with the density scale covering more than 25 decades and
the temperature ranging from only a few Kelvin for the interstellar space all the way up to
100 000 000 K for man-made fusion plasmas. This vast field of plasmas can be divided into
different regions e.g. into relativistic plasmas, ideal plasmas, degenerate plasmas [9] or ac-
cording to the coupling between the particles as strongly coupled quantum plasmas, strongly
coupled classical plasmas and weakly coupled classical plasmas [5]. For the description of
technical plasmas, however, these distinction are too general and, thus, not suited for the
distinction between typical technical plasmas. Instead, here, it is more practical to classify
plasmas according to the thermodynamic equilibrium between the ions and electrons. Since
most technical discharges are electrically driven and the applied power preferentially heats
the mobile electrons, these plasmas are typically in thermodynamic non-equilibrium. Due
to the weak coupling between heavy particles (ions, neutral atoms) and electrons the energy
cannot be efficiently dissipated and in the common case of weakly ionized plasmas, the ions
efficiently exchange energy by collisions with the background gas. Accordingly, the electrons
Te depict a much higher temperature than the ions Ti, which in most cases are at a similar
temperature to the background gas Tn:

Te � Ti ≈ Tn. (2.2)

8



2.1 The plasma state of matter 9

Since these plasmas would be relatively cold to the touch, they are commonly referred to
as low temperature plasmas. The opposite case of high temperature plasmas is typically
associated with almost completely ionized plasmas such as they are found in the sun or also
in some technical applications like arc discharges. Another commonly used classification
of technological plasmas is according to their background gas pressure. Here, it is typically
differentiated between high pressure plasma (HPP), atmospheric pressure plasma (APP) and
low pressure plasma (LPP). While HPP applications can mostly be found in arc discharge
lamps, APPs and LPPs are more commonly used in industrial applications with most notable
plasma sources of APPs being plasma jets or dielectric barrier discharges and of LPPs
being thin film deposition plasmas (magnetron sputtering, plasma-enhanced chemical vapor
deposition) or plasmas for etching of semiconductors.

2.1.2 Low temperature plasmas

Low temperature plasmas (LTP) are characterized by a strong thermal non-equilibrium
between ions and electrons and are usually generated in a low pressure environment. The
artificial state of thermal non-equilibrium has several advantages which can be exploited for
technical applications:

• The well defined heating with electric fields allows a controlled and direct method of
energy input and even tayloring of the energy distribution in the plasma.

• Due to the strong reduction of thermal losses, the selective heating of electrons allows
to create a highly energetic environment with superior efficiency.

• The storage of energy in the electrons allows to initiate chemical processes, which
usually require high energies, at background gas temperatures near room temperature
and additionally provides improved process control.

• Due to the low temperature of heavy species, treatment of temperature sensitive ma-
terials like polymers is possible.

2.1.3 Debye shielding

One of the most important features of a plasma is its ability to shield charges and reduce
electric fields. The underlying effect can best be understood by imagining a charge +Q placed
in an infinitely large homogeneous plasma. According to Langmuir’s definition, the plasma
initially is quasineutral and as a LTP the electrons have a significantly higher temperature
than the ions. It can be expected, that the electrons are attracted and the ions repelled
by this additional charge. As a result, the trajectories of the particles will change slightly
towards or away from the charge, resulting in a region with a net negative charge around
Q as sketched in figure 2.1. This negative potential effectively screens the electric field of
the positive charge and changes the Coulomb potential towards the more rapidly decaying
Debye-Hückel potential:

Φ(r) =
Q

4πε0r2
e−r/λD (2.3)

9



10 2.1 The plasma state of matter

In this equation Q/(4πε0r
2) is the undisturbed Coulomb potential and the exponential term

describes the shielding effect of the space charge. As illustrated in figure 2.1, the Debye-
Hückel potential decays exponentially and at the distance λD the electric field has decreased
to e−1 of its original strength. The parameter λD is called the linearized Debye shielding
length which describes the combined shielding action of electrons and ions:

λ−2D = λ−2D,e + λ−2D,i. (2.4)

The individual contribution to the shielding can be calculated with Poisson’s equation and
the Boltzmann factor to yield [5]:

λD,e =

(
ε0kBTe
nee20

)1/2

, λD,i =

(
ε0kBTi
nie20

)1/2

. (2.5)

These equations confirm, what appears intuitively, that for a lower temperature of the
charged species, the shielding is more effective. Since in LTPs Te � Ti this means, that
the electrons are the defining species for the size of the Debye sphere and that for LTPs,
λD ≈ λD,e can be assumed.

Coulomb-Potential

Debye-Hückel-Potential
Debye-Sphere

Q

r

Figure 2.1: Illustration of the Debye shielding for a charge Q immersed in the plasma, along with the
unperturbed Coulomb potential and the Debye-Hückel potential. It should be noted that the negative
charge around Q is not stationary but that the negative net-charge in this region is due to small changes of
the electron trajectories towards the positive charge. Illustration adapted from [9].

Inside of the Debye sphere, a space charge unequal to zero is present and, thus, on this small
scale the rule of quasineutrality is breached. Since a plasma, however, by definition must be
quasineutral, this observations creates a lower limit of several Debye length L� λD,e for the
minimal size L of the plasma as it can only restore quasineutrality on this bigger scale. To
ensure that the statistical derivation of the Debye length was correct, it is required that many
electrons are inside the electron Debye sphere. For this purpose, the plasma parameter ND,e

is defined as the number of electrons inside the electron Debye sphere, which must always

10



2.1 The plasma state of matter 11

be much greater than one:

ND,e =
4π

3
λ3D,ene � 1. (2.6)

From the size of the Debye sphere, a second aspect of the collective behavior can be defined:
the electron plasma frequency ωp,e. This parameter describes how fast the plasma can react
to an external perturbation i.e. how fast the plasma can compensate any disturbance of its
quasineutrality. Since the electrons are much more mobile than the heavier ions, the plasma
frequency can be estimated from the ratio between the thermal velocity ve ≈

√
kBTe/me

and the typical distance an electron needs to cover for restoring quasineutrality λD,e:

ωp,e =
ve
λD,e

=

√
nee20
ε0me

: (2.7)

Here, me stands for the electron mass. The plasma frequency not only defines the minimum
lifespan of a plasma tmin � ω−1p,e but also represent a descriptive parameter for the under-
standing of the interaction between electromagnetic waves and the plasma. Longwave radio
waves (∼300 kHz) for example, have a frequency much lower than typical plasma frequencies
in the ionosphere (∼60 MHz) and are thus mostly reflected by the plasma, whereas visible
light (∼500 THz) can pass through relative freely [9]. Another technically relevant example
are short wave radio frequencies which are in the range of typical electron plasma frequen-
cies. Due to the similar frequencies, energy can be efficiently transferred to the electrons in
the plasma, while the ions with their much lower frequency cannot react to the changes in
the electric field and remain at a low energy.

2.1.4 The plasma sheath and the Bohm criterion

The plasma sheath

Since all technical plasmas are necessarily in contact with some containing material such
as a vacuum chamber, the transition region between plasma and wall is of specific interest.
Because of the action of Debye shielding, even when in contact with a conducting wall,
the plasma will remain quasineutral and a space charge sheath will develop close to the
surface. This region is called the plasma sheath, or simply the sheath and the position where
quasineutrality is established is called the sheath edge. Due to the higher thermal velocity
of the electrons, an initially uncharged wall will be hit more often by electrons than ions
and if the wall is not connected to any potential, i.e. it is floating, the wall will charge
up to a negative potential with respect to the electric potential Φpl inside the quasineutral
plasma. The equilibrium potential of the wall is determined by the balance between ions
and electrons, since due to the negative potential, the number of electrons that can reach
the wall diminishes as the wall charges up. The resulting equilibrium value is called the
floating potential Φfl. Figure 2.2 gives a schematic drawing of the evolution of ion and
electron densities and the associated potential for a plasma in contact with a floating wall.
For completeness, here, a transition layer called pre-sheath is introduced which matches the
conditions between the plasma sheath and the unperturbed plasma. The formation of the
plasma sheath and the pre-sheath not only explains the charging of surfaces observed for all
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12 2.1 The plasma state of matter

materials in contact with a plasma, but also results in a sensitive condition for the velocity of
the ions which are able to escape the plasma. This velocity is defined by the Bohm criterion,
named after David Bohm who formulated this criterion in 1949 [10].
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Figure 2.2: Schematic drawing of the plasma-wall boundary layer. The upper picture shows the evolution
of the electron and ion densities from the quasineutral plasma through the pre-sheath and the plasma sheath
to the floating wall. The lower picture shows the corresponding potential in these regions. Illustration by
courtesy of F. Haase, adapted from [3].

The Bohm criterion

The Bohm criterion arises from a stability analysis of the sheath and results in the require-
ment for a pre-sheath where the ions are accelerated from their thermal velocity to the Bohm
velocity vB [3]. Based on the conservation of ion flux from the plasma to the wall, together
with the Boltzmann relation for the electron density, the sheath potential can be obtained
by solving Poisson’s equation. For a collisionless sheath it can be shown, that the speed vs
of the ions entering the sheath, at the sheath edge must be equal to, or exceed a certain
speed called the Bohm velocity vB:

vs ≥ vB =

(
kBTe
mi

)1/2

. (2.8)

If the ions would have a speed smaller than vB, this would result in an expansion of the
pre-sheath into the plasma until the point, where the potential drop in the pre-sheath is
big enough to provide sufficient acceleration for the ions to reach vB. However, from the
requirement of an accelerating potential in the pre-sheath, together with the assumption of
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2.1 The plasma state of matter 13

quasineutrality in this region, the change of ion velocity vi as a function of the distance x
traveled in the pre-sheath can be calculated as

dvi
dx

=
νmiv

2
i

v2B − v2i
, (2.9)

with νmi being the collision frequency for momentum loss through collisions with the back-
ground gas [5]. From this equation it can be seen that the ions are accelerated for vi < vB,
however not beyond vB. Accordingly, at the sheath edge, which defines the border between
pre-sheath and sheath, the full Bohm criterion must read vs = vB.

As indicated in figure 2.2, at the sheath edge the potential must be equal to zero, which
follows from equation 2.9. From the conservation of energy one can then calculate the
potential drop between plasma and sheath edge, which must be equal to the plasma potential
Φpl:

Φpl =
1

2

kBTe
e

. (2.10)

From the spatial variation of the potential according to the Boltzmann relation, it is further
possible to estimate the ion and electron density at the sheath edge ne,s, ni,s with respect to
the electron density in the plasma ne:

ni,s = ne,s = neexp

(
−1

2

)
≈ 0.61ne. (2.11)

The matrix sheath

The matrix sheath is the simplest plasma sheath which only develops if a step-like high
voltage pulse V0 is applied to the wall in contact with the plasma such as in the case of PBII
(see chapter 3.4). Upon application of a high voltage pulse, the mobile electrons are pushed
out of the sheath, leaving behind a matrix of ions with uniform density equal to the plasma
density n0, while the electron density in this type of sheath equals zero. From the Maxwell
equations the sheath thickness ds for the matrix sheath can be calculated as a function of
the potential difference V0 between plasma and wall to be:

ds =

(
2ε0V0
en0

)1/2

= λD

(
2eV0
kBTe

)1/2

. (2.12)

Using equation 2.5 and with typical values for e0/kBTe in the range of only few eV, it can
be directly seen that such a plasma sheath can easily expand over several debye length.

The Child-Langmuir sheath

Although originally formulated to describe the space-charge limited electron flow in a vacuum
diode with fixed separation ds between cathode and anode, the Child-Langmuir law is also
applicable to the sheath formed around a wall in contact with a plasma. The space-charge
limited current can be derived from the conservation of ion energy and the continuity of ion
flux as the ions are accelerated through the sheath [3]. Using Poisson’s equation the current
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14 2.1 The plasma state of matter

density j0 for the case of a collisionless ions can be derived as:

j0 =
4

9
ε0

(
2e

Mi

)1/2
V 3/2

d2s
. (2.13)

Here, Mi is the ion mass and V the potential difference between cathode and anode. In the
case of the plasma sheath, the current is defined by the Bohm velocity vB and the density
of the unperturbed plasma n0 as

j0 = en0vB. (2.14)

Since in the plasma sheath, the current density and the potential difference are defined by
the plasma parameters, the sheath thickness must adapt to comply with the Child-Langmuir
law. Combining and rearranging equations 2.13 and 2.14 and introducing the electron Debye
length defined in equation 2.5, the thickness of the plasma sheath can calculated to be [3]:

ds =

√
2

3
λD

(
2eV

kBTe

)3/4

. (2.15)

If the ions undergo many collisions on their path through the sheath, the assumption of
collisionless ions is not valid anymore since the collisions limit the velocity of the ions. The
case of the collision dominated sheath is typically described by two extreme cases: the cases
of constant mean free path λmfp and the case of constant collision frequency νmi. For both
assumptions, the ion density cannot reduce as fast as in the case of collisionless ions and
accordingly, the current density scales differently with the sheath thickness. For the case of
constant λmfp, the ion current density can be calculated as

j0 =
2

3

(
5

3

)3/2

ε0

(
eλmfp
Mi

)1/2
V 3/2

d
5/2
s

, (2.16)

and for the case of constant collision frequency the current density is given by

j0 =
9

8
ε0νmi

V 2

d3s
. (2.17)

2.1.5 Effect of electric and magnetic fields

One of the great qualities of a plasma, is the fact that it can be manipulated by electric or
magnetic fields. Considering only a single-particle model, the acceleration v̇ of any charged
particle in the plasma is determined by Newton’s equation of motion and the Lorentz equa-
tion. For a particle with mass m and charge q in a three dimensional electric field E and
magnetic field B, this equation reads

mv̇ = q(E + v×B). (2.18)

For the case without electric field E = 0 and with a magnetic field B = (0, 0, Bz) perpen-
dicular to the initial motion of the charge, the particle follows a periodic circular motion
around the magnetic field line. The frequency of this motion is called cyclotron frequency
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and is defined as [5]

ωc =
|q|
m
Bz. (2.19)

The corresponding radius rL of this motion is called Larmor radius or gyration radius and
can be calculated as a function of the perpendicular velocity v⊥ to the magnetic field as

rL =
v⊥
ωc

(2.20)

If the charged particles has an initial velocity not strictly perpendicular to the magnetic
field, the orbital path of the charge expands into a helix motion in the direction of the
initial motion parallel to the magnetic field line. For the case that the charge can perform a
complete gyroorbit before undergoing a collision (with other particles or a wall), the charged
particle is called magnetized as it is effectively bound to the magnetic field lines. Since the
Larmor radius is quite large for ions, in technological plasmas ions con only be magnetized
with extremely high magnetic fields, electrons on the opposite, can be easily magnetized
even with small magnetic fields.

E

B out of page

ion fast, large gyration radius

electron fast, large gyration radius

ion/electron slow, small gyration radius

vE

vE

Figure 2.3: Schematic illustration of the cycloidal trajectory resulting from the combined effect of electric
and magnetic field.

If any additional force acts on the particles or if the magnetic field is nonuniform, the
simple orbital motion becomes more complicated, resulting in complex drift motions. Some
examples are the gravitational drift created by the gravitation force, the gradient drift created
by inhomogeneous parallel magnetic field lines or the curvature drift created by curved
magnetic field lines [5]. One of the most important drift mechanisms is the E×B-drift which
always appears, when both a magnetic and an electric field is present. The superposition of
the acceleration by the electric field and the gyration motion created by the magnetic field
results in a cycloidal motion with a drift velocity vE given by

vE =
E×B

B2
. (2.21)

The resulting motion of an electron or an ion is schematically illustrated in figure 2.3. The
magnetic field could be replaced by any other external force field such as e.g. the gravitational
field. The principal for this motion can be easily understood from equation 2.20, which gives
the gyration radius as a function of the particle velocity: As the particle gyrates around the
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16 2.1 The plasma state of matter

magnetic field line, its motion will be accelerated on one half of its orbit and decelerated on
the other half due to the interaction with the additional force field. Accordingly, the gyration
radius changes as well, which results in a drift motion perpendicular to the magnetic and
the additional force direction.

Heating mechanisms

The most important application of electric fields to manipulate plasmas is the heating of
electrons in the plasma. For a DC-discharge, electrons are accelerated by a potential dif-
ference applied between the anode and the cathode. Depending on the applied voltage,
the gas pressure and the distance between the electrodes, different discharge modes can
develop. In principal, it is differentiated between the Townsend discharge, the subnormal
glow, the normal glow, the anomalous glow and the arc discharge. If a magnetic field is
added to the discharge region, the path of the electrons passing through the background
gas is dramatically extended according to the gyro-motion introduced above. The result for
the current-voltage dependence of the discharge is a shift towards smaller voltages i.e. the
different discharge regimes are entered at a lower voltage. Due to the more effective plasma
generation process achieved in this way, dense plasmas can be generated at lower pressures,
which is used in industrially important applications such as magnetron sputtering. For a
detailed description of the different discharge modes found in DC-discharges, the reader is
referred to standard literature such as [5] or [11].

Even higher charge densities can be achieved through heating with AC-current in the radio
frequency range (typically a frequency of 13.56 MHz is used). If an alternating potential is
applied to a parallel plate discharge, a high-voltage capacitive sheath builds up between the
electrode and the plasma. In such a capacitive RF-discharge, two principal mechanisms for
heating the plasma must be considered: the ohmic heating and the stochastic heating [3].
Due to the high frequency of the RF-power and the high mass of the ions, only the electrons
can respond to the fast changes in the potential while the ions only see the time-averaged
potentials. Accordingly the electrons can gain high energies from the field and transfer it by
collisions with neutrals from the background gas. As the electron-neutral collisions represent
a resistance, this process is called ohmic heating. The stochastic heating on the opposite
is a collisionless heating mechanism, where momentum is transferred to the electrons from
interaction with the high-voltage sheath. As a result of the movement of the electrons in the
bulk plasma, which oscillate at the frequency of the RF-power, the sheath oscillates in the
opposite direction. When the electrons collide with the sheath edge, they are reflected by
the electric field, built up by all the ions inside the sheath, much like a tennis ball is reflected
by a tennis racket [5]. To create a net energy gain from this reflection, the phasing of the
electron after the reflection needs to be different from the oscillating electric field. Therefore,
the electrons must have a random phasing when they collide with the sheath edge, which is
the reason why this type of heating is called stochastic heating.

Besides the heating mechanisms for simple DC- or capacitive RF-discharges, many other
mechanisms for plasma heating, such as used in inductive discharges or wave-heated dis-
charges, exist. A more complete theoretical description of the heating mechanisms men-
tioned here and other common alternatives can be found in the text book literature such
as [3, 5, 6].
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2.2 Energy Balance and Plasma Surface Interactions

As already mentioned above, all technological plasmas are, up to a certain extend, in contact
with surrounding surfaces. In most cases these are necessary to either introduce energy
or simply, to create the right environment as in the case of the vacuum chamber. Thus,
independent of the specific branch of plasma physics, the understanding and investigation
of plasma surface interactions (PSI) are among the most important fields of research in
plasma physics. Since both the parameters of the plasma and the parameters of the surface
have a significant impact on each other it is not possible to fully describe the system by
just looking at one side of this interaction. However, to allow experimental investigations,
it is necessary to break down the complex interactions into smaller parts which can be
investigated separately. A common approach to do this, is to look only at one direction of
this interaction, while the other is minimized through appropriate design of the experiment.
In this way the effect of changes in the surrounding surfaces onto the plasma parameters
can be investigated separately from the effect of changes in the plasma parameters onto the
surrounding surfaces.

The effects the plasma has on the surface can be divided into three categories: The chem-
ical modification of the surface, the physical modification of the surface and the effect of
energy flux towards the surface. The chemical modification describes the chemical reactions
which are enhanced by the plasma, like chemical cleaning or activation of the surface [12],
while the physical modification covers e.g. implantation, sputtering or secondary electron
emission. The third category describes the energy balance at the surface taking into ac-
count the energy fluxes associated with the chemical (endothermic/exothermic reactions)
and physical processes (momentum flux, released particles etc.) as well as any other pro-
cesses resulting in energy exchange between plasma and the surrounding surface.

This group is of specific importance to technological plasmas since it can be directly
correlated to important parameters such as longevity (plasma jets), thrust (ion thrusters),
etch rate (plasma etching) or film structure and film properties (plasma assisted film growth).
The effect on film growth can be described by so called structure zone diagrams. In figure
2.4 a recent version of such a diagram is presented which clearly displays the influence of
energy flux and associated substrate temperature onto film structure and deposition rate.
In the following sections the most important processes contributing to the energy balance at
the surface will be described in greater detail, including equations which allow us to perform
absolute calculations. For most of these processes, in reality, certain additional coefficients
need to be taken into account. These usually describe the probability or the efficiency
of a specific process and range from 0 to 1. The sticking coefficient e.g. describes the
probability that a particle sticks to the surface and the energy transfer coefficient, describes
the percentage of energy transmitted in a collision between an impinging particle and the
surface. For ease of understanding these coefficients are assumed to be 1 in the following
description and are thus neglected. The effect of this is, that the energy flux calculated with
these equations, should always overestimate the actual energy flux. For a detailed analysis
and for comparison with absolute values, however, these coefficients need to be taken into
account and adjusted to the specific case at hand.
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18 2.2 Energy Balance and Plasma Surface Interactions

Figure 2.4: Structure zone diagram for energetic deposition. T ∗ is the generalized temperature, E∗ the
normalized energy flux and t∗ represents the net thickness of the film. The numbers on the axes are for
orientation only and depend on the material and the deposition conditions. Graphic taken from [13].

2.2.1 The total energy flux

The energy balance of a substrate or any other surface in contact with the plasma, is the
result of the total energy flux to the surface. This total energy flux Jtotal can coarsely
be divided into the energy flux from energetic particles Jparticles, surface processes Jsurface,
radiation Jradiation, conduction and convection Jcon and energy flux resulting from emitted
particles JemitPart:

Jtotal = Jkin + Jsurface + Jradiation + Jcon + JemitPart (2.22)

Since calorimetric investigations (see section 4.3) allow for measuring of the total energy
flux only, understanding the different contributions is essential to permit more detailed
interpretation of the obtained results.

2.2.2 Energetic Particles

Energetic particles which hit a surface can either stick to this surface and transfer their
kinetic energy to the bombarded material or be reflected, transferring only part of their
kinetic energy. Under the assumption of a sticking probability of 100%, the general term for
the energy flux Jkin which is transferred by the kinetic impact of particles can be written as

Jkin = ΓkinĒkin, (2.23)
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with Γkin being the flux density of the impinging particles and Ēkin the mean kinetic energy.
In almost all cases, the actual energy of the impinging particles varies according to a complex
energy distribution, however, due to the vast amount of particles impinging on the surface,
the use of an average energy provides a good approximation. The influence of the impact of
heavy kinetic particles such as ions, neutrals or clusters is known to have an important effect
on film growth [13–17]. On the one hand, the associated energy transfer can lead to changes
of the film structure, resulting in changes of e.g. optical or mechanical properties. On the
other hand, energetic particle bombardment can also result in implantation of unwanted
species, reduction of deposition rate, or even ablation due to sputtering processes. Hence,
for most technical plasmas, the knowledge and control of the kinetic energy transferred to
the substrate, is very important to allow a better understanding and tuning of the system.
In the next paragraphs the sum of the energy flux from kinetic particles is broken down into
the contributions from the most relevant particles as they appear in typical plasma systems:

Jkin = Je + Ji + Jn, (2.24)

with Je being the contribution to the energy flux due to energetic electrons, Ji due to
energetic ions and Jn due to energetic neutrals.

Both, the contribution from electrons as the well as the one from ions can be easily
determined from the plasma parameters acquired from Langmuir probe measurement. To
determine the contribution from energetic neutrals can be much more tricky, since both the
energy of the fast neutrals as well as the flux are often difficult to determine.

Electrons

The free electrons take an important role in all non-isothermal discharges. They are not
only the most efficient channel of energy transfer from external electric and magnetic fields,
but also determine the basic plasma properties like e.g. degree of ionization or plasma
potential. One of the key properties of technological plasmas is the energetic difference
between electrons and other heavier particles. Due to the effective heating of electrons
and their small collision cross section these can reach very high temperatures while the
background gas remains at a comparatively low temperature. This combination of high
energies and low thermal stress allows for energetic modification of heat-sensitive material
like e.g. plastics or even human tissue.

For electrons equation 2.24 can be rewritten as

Je = ΓeĒkin,e, (2.25)

where the electron particle flux density Γe = je/e0 is given as the electron current density
je divided by the electron charge e0. Both je and Ēkin,e depend on the electron energy
distribution function (EEDF) applicable for the investigated system. Common cases which
can be described analytical are Maxwellian, Druyvesteyn or the mono-energetic EEDF which
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result in the following energy fluxes [18]:

Je =





ne

√
TekB
2πme

kBTe · 2exp(−ξ) =
je
e0

2kBTe Maxwellian

ne

√
TekB
2πme

kBTe(−ξ · exp(−0.25ξ) + (1.79 + 0.89ξ2)erfc(0.5ξ)) Druyvesteyn

ne

√
TekB
2πme

kBTe · 2π(1− ξ)2 Mono-energetic

(2.26)
Here ξ = (Φpl−Φs)/(TekB) and describes the potential difference between the plasma Φpl and
the substrate Φs in relation to the electron temperature Te, kB is the Boltzmann constant, e0
is the electron charge and me is the electron mass. The Maxwellian distribution is based on
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Figure 2.5: Calculated energy flux as a function of substrate bias for electrons from three different EEDFs
and for ions as calculated from the Bohm flux. The input parameters (ne = 6 · 1015/m3, kBTe/e0 = 2.5eV ,
Φpl = 2.2V ) are typical parameters found in the Titanium DC Magnetron sputtering experiment described
in publication [III].

the assumption of thermodynamic equilibrium and a velocity independent, constant collision
frequency, which is the case in discharges with high ionization degree where electron-electron
collisions are dominant. The Druyvesteyn distribution on the opposite is based on a constant
cross section, which results in stronger depletion of the high energy tail and a shift of the
maximum to higher energies [19, 20]. A comparison of the resulting energy flux for the
different EEDFs for the same plasma parameters is plotted in figure 2.5.

Ions

Quasi-neutrality demands that the number of ions in the plasma must be approximately
the same as the number of electrons and according to the theory presented in 2.1.4, an
equal flux of both species to any substrate at floating potential is expected. Due to the

20



2.2 Energy Balance and Plasma Surface Interactions 21

higher mass of the ions, they deliver energy in a more focused way as compared to the
relatively isotropic energy flux from electrons. This localized energy transfer is known to be
particularly important for deposition processes [21,22].

Analog to the electrons, the basic equation for the energy flux delivered by ions is given
by

Ji = ΓiĒkin,i. (2.27)

Here, Γi = ji/e0 is the ion particle flux density and Ēkin,i is the mean kinetic energy. Both
Γi and Ēkin,i depend on a complex set of parameters and can change strongly dependent
on the investigated system. The current density ji can for most cases be described by the
following expressions [18]:

ji =




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√
TekBe0
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exp(−0.5) Bohm-flux
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ε0
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√
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Φ
3/2
sh

d2sh
Child sheath without collisions

1

4
nivi thermal flux

nivamb ambipolar diffusion

(2.28)

Here, mi is the mass of the ions, ni the ion density, dsh the sheath width, vi and vamb ion
velocities and ε0 the electric permittivity constant. For low-pressure conditions, as they are
found in typical process plasmas, either the Bohm equation (p ≤ 10Pa) or the Child law
(≤ 1Pa) give the most applicable descriptions for the ion current.
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Figure 2.6: Effect of the Ar gas pressure on the energy distribution function (IEDF) for different Ar
pressures in a DC magnetron sputtering system with a copper target at 400 mA. Graphic taken from [23].

For positive ions, the kinetic energy is mainly determined by the voltage drop over the
sheath in front of the substrate Φsh = Φpl − Φs. In this case the kinetic energy of the ions
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is simply given by
Ēkin,i = Φshe0. (2.29)

However, using this simple description, the actual energy flux is usually overestimated as
it does not take into account the effect of collisions, which gain importance as the mean
free path is in the same order of, or shorter than the sheath thickness. The collisions
can significantly alter the IEDF and lead to reduction of high energy ions and a general
decrease of ion current as can be seen in figure 2.6. For the special case of an ion beam, the
kinetic energy as well as the ion current is defined by the utilized extraction and acceleration
mechanism which, in the example of a gridded ion source, results in an almost monoenergetic
ion energy with the current density being defined by the space-charge limited current law
(Child-Langmuir).

For negative ions, as they appear in electro-negative plasmas or processes using oxygen
admixture, the acceleration process is of a different origin. If they are produced close to a
cathode, e.g. the target of a magnetron, they can gain high kinetic energies in the order
of several 100 eV. And, although they are decelerated as they pass through the sheath
of a floating substrate, they will only loose little energy compared to their initial kinetic
energy. Accordingly, this contribution can be expected to be strong in all environments
where negative ions can be produced in the vicinity of a highly negative electrode.

Besides with Langmuir probes, Ēkin,i and ji can be effectively determined by various
other diagnostics such as Faraday cups, energy resolved mass spectrometers, retarding field
analyzers or E×B-probes.

Neutrals

The description of the energy flux from energetic neutral particles is theoretically less com-
plicated. Compared to electrons or ions the flux density is independent of the substrate
potential, however, since they do not carry any charge the detection can also be more com-
plicated and error prone (see section 4.2). The energy flux is again calculated with equation
2.23 as the product of particle flux density Γn and kinetic energy Ēkin,n:

Jn = ΓnĒkin,n. (2.30)

In technological plasmas, the origin for kinetic neutral particles can mostly be attributed
to three different processes: sputtering, reflection of ions from the cathode and collisions
between fast ions and slow neutrals. Depending on the exact origin, the values for Ēkin,n
and Γn can vary strongly.

Sputtering is the basis for plasma based physical vapor deposition (PVD) techniques and
is also the key process for plasma etching. In general, sputtering is the evaporation of a solid
material through bombardment by kinetic heavy particles. Upon impact of a particle, its
energy and momentum is transferred to the material, initiating a ’billiard-like’ collision cas-
cade which eventually results in the evaporation of one or several atoms from the bombarded
surface. The number of evaporated particles and their initial energy depend on various pa-
rameters of the impinging particle (e.g. energy, angle of incidence, mass) as well as on the
properties of the bombarded material (e.g. temperature, structure, mass) [26]. Figure 2.7a
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Figure 2.7: (a) Sputtering yield curves as a function of the incident ion energy for different materials
bombarded with argon ions. The curves show a fit according to data from [24]. (b) Energy distribution of
sputtered aluminum atoms for 200 eV argon ions for for normal incidence, compared with the Thompson
distribution and TRIM simulations, graphic taken from [25].

illustrates the dependence on incident ion energy and surface material for an energy range
as it is typically found in magnetron sputtering experiments [24]. The amount of evaporated
particles is characterized by the sputtering yield Y which can be understood as the efficiency
of the sputter process:

Y =
number of sputtered particles

number of incident particles
. (2.31)

In typical magnetron sputtering processes, the yield is in the range of 0.1 to 2, depending
mostly on the incident ion energy and mass as well as on the used target material [24]. The
energy of the sputtered particles can be described by the Thompson formula which expresses
the sputtering yield as a function of the ejected energy Espu for a fixed incident ion energy
Einc as

Y (Espu)dEspu ∝
1−

√
(Us + Espu)/γEinc

E2
spu(1 + Us/Espu)3

dEspu, (2.32)

where Us is the surface binding energy of the target material, γ = 4M1M2/(M1 +M2)
2, with

M1 and M2 being the masses of incident ion and target atom [27, 28]. For the assumption
γEinc � Us, equation 2.32 can be approximated by:

Y (Espu)dEspu ∝
Espu

(Espu + Us)3
dEspu (2.33)

The kinetic energies of the sputtered particles Ēkin,n calculated with this formula, are typi-
cally in the range of only few eV up to several 10 eV for most process plasmas. An example of
the measured energies and comparison with different models for 200 eV argon ions impinging
on aluminum is given in figure 2.7b.

Another common approach to calculate the sputter yield and the energy of the sputtered
particles is through simulations of the sputtering cascade in the material. The most widely
used simulation software to for this task, is the ’Stopping and Range of Ions in Matter’
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(SRIM) [29]. This code uses Monte Carlo methods to simulate the particle impact and
resulting changes of the bombarded material and outputs relevant parameters such as the
number and energy of reflected and sputtered particles.

Reflection of ions from the cathode appears alongside sputtering and is of specific impor-
tance if the mass of the incident ion M1 is smaller than that of the target material M2 [30].
Although the yield for reflection is typically lower than the sputter yield, the resulting energy
flux can often be in the same range or even higher due to the higher kinetic energy of these
particles. Although, in reality the energy of the reflected particles is described by a complex
energy distribution function, an approximate relation between the velocity of the incident
ion vinc and the velocity after reflection vrefl can be given as [27]:

vrefl ≈
(
M1 −M2

M1 +M2

)
vinc (2.34)

Winters et. al [30] investigated the energy per sputtered atom for different target materials
and incident ion species and found energies ranging from a few eV for a high ratio M1/M2,
up to several 100 eV for a low ratio as found for helium on copper.

Collisions between fast ions and neutrals can either be elastic or with charge exchange,
in both cases giving rise to energetic neutrals. For an elastic collision up to 100% of the
momentum of the incident ion can be passed on to the collision partner. The exact percentage
varies as a function of the mass ratio of the colliding particles and the impact angle [31].
Charge exchange or charge transfer describes the exchange of charge upon collision between
ions and neutral particles. According to this process, a kinetic ion can be neutralized without
loosing its kinetic energy and, thus, creating a neutral particle with the kinetic energy of the
initial ion.

Both mechanisms become of special importance for pressures higher than ∼10−2 Pa where
the mean free path reaches dimensions of typical vacuum chambers. In the case of an ion
beam operated in this pressure regime this can result in a percentage of more than 70%
neutralized particles in the beam [32, 33]. For even higher pressures as found in magnetron
or RF discharges, this effect also becomes of importance for the energy distribution in the
sheath. Both, for self-biased, powered electrodes or externally biased substrates, collisions
between ions and neutrals in the sheath can create neutral particles with high energies
equivalent to the ions accelerated by the sheath potential.

2.2.3 Particles emitted from the surface and surface processes

In general, the contribution of particles leaving the substrate can be treated equivalent to
those impinging on the target. However, since these particles take away energy from the
target, the corresponding energy flux has a negative sign. The emission of particles can be
caused by e.g. particle impact, by energetic photons (UV) or by chemical etching. The most
common emission processes in technological plasmas are due to particle impact which results
in sputtering of target atoms and emission of secondary electrons.
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Besides the particle emitting processes the bombardment with charged particles or film
building species is associated with additional energy-relevant processes taking place on the
surface of the substrate. On top of that, for the special case of a reactive plasma, a complex
set of chemical processes have to be considered as well. Since a complete analysis of all of
these processes would not be feasible, this subsection aims to describe the most important
surface processes found in technological plasmas in a general manner.

Sputtering

As described in section 2.2.2, the impact of heavy particles on a surface can result in evapo-
ration of material. Accordingly, for every impinging heavy particle on the substrate, there is
a chance that an atom is sputtered from the surface and leaves the substrate with a kinetic
energy higher than zero. As described by the Thompson distribution (equation 2.32), how-
ever, this energy is always much smaller than the incident energy of the impinging particle.
Therefore, even for materials with a high sputtering yield, the effect on the energy flux of
particles being sputtered from the substrate is negligible compared to the integral energy
flux.

Secondary electron emission (SEE)

Secondary electron emission has been closely studied due to its importance in different
appliances such as cathode ray tubes or electron multipliers but also due its essential role
in most plasma environments. While sputtering is only observed for bombardment of heavy
particles like ions or neutrals, secondary electron emission can be created by impact of
electrons and photons as well [6].

For the negative energy flux created by secondary electrons, only true secondary electrons
have to be considered. Reflected electrons are usually neglected as they transfer approxi-
mately the same energy to the surface as they take away, resulting in a negligible net-energy
flux. Independent of the origin, the energy flux for secondary electron emission is given by

Jsee = −ΓseeĒsee,kin, (2.35)

as the product of particles flux density Γsee of secondary electrons emitted from the surface
and the average kinetic energy of the emitted electrons Ēsee,kin. Analog to the negative
contribution from sputtering, the contribution of energy taken away by secondary electrons
will always be relatively small and can be neglected in most cases. However, a more signifi-
cant effect can appear in the current measurement as it is falsified by SEE. As an electron
is released from the surface this will lead to an increased current in the case of positive
net-current and to a decrease in the case of negative net-current. In cases with high SEE,
as found in plasma based ion implantation (see chapter 3.4), this can result in significant
deviations between the energy flux estimated from electrical current measurements and the
experimentally determined energy flux, see publication [VI].
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26 2.2 Energy Balance and Plasma Surface Interactions

Electron work function (EWF)

Whenever an electron is emitted from the surface or added to the surface from vacuum level,
the energy from the electron work-function Φwf is released or needs to be overcome (see
figure 2.8). The electron work-function describes the energy necessary to raise the electron
from Fermi level to vacuum level which needs to be overcome to release the electron from the
surface. For nonmetals (semiconductors and dielectrics) the electron work-function can be
replaced by the minimum binding energy of a valence electron [27]. The energy flux resulting
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Figure 2.8: Density of states n(ε) curve for the conduction band of a free electron metal. The Fermi level
is marked with µ = εF and the electron work-function is given by Φ. Graphic taken from [34]

from the electron work function depends on the electrical net-flux to the substrate, which is
composed from the electron fluxes Γsee,Γe and the ion flux Γi:

Jwf = Φwf (Γe − Γsee − Γi). (2.36)

In the case of a floating substrate and for zero Γsee, electron flux and ion flux are equal and
the contribution due to the electron work function disappears. However, for the case of a
substrate, which is positively biased with respect to the floating potential, the contribution
from the electron work function is important, as Φwf often is in the range or even higher
than the kinetic energy of the electrons in the plasma, see equation 2.25.

Electron-ion recombination

Every ion arriving at a surface recombines with an electron and is neutralized. As described
in the section above, in a conductive surface connected to ground, the electron usually comes
from the conduction band and for dielectric surfaces a valence electron is removed from the
material. The energy necessary to overcome the electron work-function is already covered
by the contribution Jwf , so the energy flux from electron-ion recombination on the surface
is simply given by the product of ion flux Γi and the ionization energy of the impinging ion
Eion:

Jrec = ΓiEion. (2.37)

Since typical ionization energies are in the range of 10-25 eV (Eion,Ar = 15.76 eV), the
energy flux due to electron-ion recombination for a floating substrate, is in most cases more
significant than the energy flux due to kinetic impact of ions or electrons.
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Film formation

Upon impact of a sputtered particles or precursor fragments on a surface, the impinging
particle usually condenses on the surface and leads to film formation. As the impinging
particle bonds to the surface the enthalpy of sublimation Esub is released. Additional to the
energy flux from the kinetic impact, film forming particles are associated with the energy
flux due to sublimation:

Jsub = ΓnEsub, (2.38)

with Γn being the particle flux density of neutral film-building particles. The most practical
way to determine Γn is by determination of the effective growth rate of the film. This is
usually achieved either by in-situ detection of the mass of the growing film (QCM) or by
measurement of the film thickness and deposition time (profilometer, X-ray techniques), see
chapter 4.2 for more details on the determination of Γn.

Typical sublimation energies are in the range of a few eV up to almost 10 eV and are
therefore comparable to the typical energies of sputtered atoms. This makes the energy flux
due to film formation just as important as the energy flux due to kinetic impact of sputtered
particles.

Chemical reactions

Plasma processes which purposefully include chemical reactions are usually referred to as
reactive plasma processes. The reactions in such processes start from simple molecule for-
mation or oxidation of certain species and can become arbitrarily complex as mixtures of
reactive species or complex molecules are introduced into the plasma. What makes these
processes specifically complex, is that a plasma does not give an environment where chemical
reactions happen in thermodynamic equilibrium. Instead, due to the high energies available
from electrons, reactions can appear which are only associated with very high temperatures
under thermodynamic equilibrium. These reactions in turn have a significant influence on
the plasma properties itself, which results in a complex, highly sensitive, dynamic equi-
librium. Any surface in contact with such a reactive plasma will also be exposed to those
reactions and depending on whether the reactions are endothermic or exothermic, a negative
or positive energy flux can be the result.

A simple example is the case of a pure hydrogen plasma. Here, the molecular hydrogen can
be dissociated in the plasma, leaving single hydrogen atoms. Due to momentum conservation,
the most efficient channel for re-formation into a molecule is by three body collision. As a
result of the long mean free path, such a collision is unlikely to happen in the bulk of a low
pressure plasma. Instead, it can be expected to take place at a surface, like the chamber wall
or a substrate, where the surface can act as a third collision partner. During the formation
of the molecule, the binding energy will be released and partially transferred to the surface,
resulting in a positive energy flux which is proportional to the binding energy and the rate at
which this process happens. Other, more complex examples can be found for plasma etching
or plasma cleaning processes. For these applications, the fundamental processes are chemical
sputtering (CS) and surface film reactions (SFR) in combination with physical sputtering
(PS) [18]. Both CS and SFRs involve at least one chemical reaction before the resulting
molecule can desorb from the surface. Depending on whether the reaction is endothermic
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or exothermic, this reaction can both result in a positive or a negative energy flux and
accordingly heating or cooling of the substrate.

2.2.4 Radiation

The glow associated with any plasma is one of the most striking features and always holds
a certain fascination. It is obvious that this glow must also be associated with a significant
energy flux to any surface exposed to it.

Line-radiation can be in the ultra violet, the visible or also in the infra-red, depending on
the composition of the plasma. The resulting energy flux depends on the photon energy Eph
and the flux of photons arriving at the surface Γph:

Jrad,ph = ΓphEph. (2.39)

It is relatively difficult and error prone to obtain an absolute measure for the photon flux,
since any detection system will always have to deal with numerous assumptions and approx-
imations. These are for example, assumptions regarding the comparability between light
detector and the substrate or the approximation of the absorption coefficients of different
optic fibers and long term changes of detector sensibility.

A famous example for a model of the energy flux which includes the contribution from line
radiation is given by Thornton in 1978 [35]. In this work Thornton investigated the substrate
heating in cylindrical magnetron sputtering sources and compared experimental results with
a simple theoretical model. For this model Thornton calculated the line radiation with the
following assumptions:

I. The average energy spent by an electron in making an ion is nearly constant at about
26.4 eV for argon.

II. Since the ionization energy is 15.75 eV, the remaining 10.65 eV are used in excitation
and are ultimately radiated with a cosine distribution, allowing half of the energy (5.33
eV) to arrive at the substrate.

III. Each sputtered atom requires the production of 1/Y ions (Y - sputter yield).

This results in an energy flux of 5.33/Y eV per deposited atom and yielded contributions in
the same range as the contribution from condensation. It is difficult to prove whether this
method actually provides reliable results for calculating the contribution from line radia-
tion, however, it illustrates nicely that also any theoretical model requires numerous critical
assumptions.

Heat radiation describes the thermal radiation (IR) emitted from any surface. Depending
on the temperature and the distance to the investigated surface this contribution can be
quite significant, see publication [III]. In general the energy transfer between two surface
due to thermal radiation is described by the Boltzmann radiation law:

Jrad,boltz = σ(εradT
4
rad − εsT 4

s ), (2.40)
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with the Stefan-Boltzmann constant σ = 5.67 ·10−8 W/(m2K4), εrad, εs the emissivity of the
hot surface and the substrate and Trad, Ts the temperature of the corresponding surfaces.
Since this equation describes the complete energy transfer, it is necessary to add a geometrical
factor which compensates for the geometrical configuration of the investigated surfaces.

2.2.5 Conductive and convective energy flux

Any substrate in a plasma process will always be in physical contact with some kind of holder
and the back ground gas. This results in a contribution which is typically negative, although
it can also become positive, depending on the temperature difference between substrate and
gas or heat reservoir at the end of the conductor [36].

Conductive energy flux is described by Fourier’s law of heat conduction:

Jcond =
1

As

λcAc
dc

(Tc − Ts), (2.41)

with Ts and As being the temperature and area of the substrate, Tc the temperature of the
heat reservoir at the end of the conducting material and Ac, dc and λc the cross section,
length and heat conductivity of the conducting material. Although simple in theory, for
most systems this contribution is difficult to calculate in reality. This is mainly due to the
difficulties associated with the definition of the heat reservoir for conductive cooling, which
must be at a constant temperature during the investigated period and connected through a
well-defined connection. The latter aspect creates difficulties since the thermal conductivity
depends strongly on the contact between the substrate and the conducting material, which
is oftentimes only clamped or screwed on. In figure 2.9 an exemplary calculation of the
energy flux according to equation 2.41 for the conductive cooling of the passive thermal
probe used in this thesis is shown alongside some curves for gas cooling. Conduction also
takes place in gas, however, since the dominant mechanism for energy transport in gases is
actually associated with the physical transport of particles, the energy transfer in gas is more
appropriately labeled as convective energy flux as described in the following paragraphs.

Convective energy flux due to interaction with the background gas is in general of less
importance in low-pressure plasma systems, however, under conditions of higher pressures
where the molecular flow is replaced by Knudsen flow or viscous flow, it must be considered
[18].

For the free molecular regime (up to ∼10 Pa) the mean free path of a gas atom λg is
greater or comparable to the sheath thickness of the boundary layer in front of the substrate
dbl. In this regime the energy flux is proportional to the difference between substrate tem-
perature Ts and gas temperature Tg as well as the free molecular heat conductivity χ, the
accommodation coefficient αg and the gas pressure p [40]:

Jmol,conv = αgχp(Tg − Ts). (2.42)
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Figure 2.9: Conductive and convective energy flux values as a function of temperature difference between
substrate and surrounding gas or heat reservoir. To calculate the values for the free molecular regime,
an accommodation coefficient of αg = 0.85 (Ar on W) and a free molecular heat conductivity of χ =
0.67 W/(m2KPa) (cp/cv = 5/3, Tg = 293 K, Mg = 39.948 g/mol) [37, 38] were used. For the curve at 100
Pa, the energy flux was calculated according to equation 2.45 and with Nu = 1, λg = 1.6 · 10−4 W/(cmK)
and dbl = 1 mm [39]. The conductive cooling through a substrate holder is described by equation 2.41. For
the displayed curve, the heat conductivity was chosen to be λc = 380 W/(mK), Ac = 7.8 · 10−7 m2 (1 mm
copper wire), dc = 2 cm and the probe surface to be 9.5 · 10−5 m2 (11 mm diameter circular platelet).

According to Knudsen theory the free molecular heat conductivity is given by

χ =
cp/cv + 1

cp/cv − 1

√
R

8TgπMg

, (2.43)

where cp/cv marks the adiabatic coefficient and Mg the atomic mass of the gas atom and R
the universal gas constant. The accommodation coefficient is defined as

αg =
Ein − Ef
Ein − Es

, (2.44)

with Ein and Ef being the initial and final energy of the gas atom and Es the thermal energy
per atom of the substrate surface.

Conditions with higher pressure are usually described by the collisional regime, where
the mean free path is much smaller than the thickness of the boundary layer. Here, the
energy flux is described analog to Fourier’s law as

Jcol,conv = Nuλg
Ts − Tg
dbl

, (2.45)

with the Nusselt number Nu and the thermal conductivity of the gas λg.
As it can be seen from figure 2.9 the energy flux from to the background gas can become
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a significant contribution especially for higher pressures and big differences between gas and
substrate temperature, however, in most setups the energy flux through conductive cooling
will be the dominant process.
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3 Technological Plasmas

For a laboratory plasma or any technological plasma the loss processes of charge carriers are
much higher due to the necessary confinement by surrounding walls. To compensate these
losses and keep the discharge running, it is essential to provide a continuous supply of power
to the system. Since the development of the first dedicated plasma discharges, a variety
of different methods have been developed to efficiently transfer energy to the plasma [3, 5].
The vast majority of these applications use electromagnetic waves which couple to the free
electrons in the plasma. To further increase the efficiency of these systems by creating a
higher rate of ionization, in many cases additional magnetic fields were added to the setup.
This chapter gives a brief introduction into the fundamental principles of plasma generation
and the types of plasma systems investigated in this thesis. Since all of the investigated
systems are technological applications, the plasma is not created for its own sake but rather
as a tool to achieve a specific goal. While in the case of ion thrusters, the goal is to propel a
space craft, for magnetron sputtering the goal is to coat a substrate with a precisely defined
thin film condensed from sputtered atoms. These two examples alone, give a good idea of the
diversity of applications and the versatility associated with the specific features of a plasma.

3.1 Basic mechanisms of plasma generation

For the majority of all technical plasmas the initial generation mechanism is based on ionizing
collisions between energetic electrons e and neutral background gas atoms A:

e+ A→ A+ + 2e (3.1)

To start the process of plasma generation, it is thus an initial condition for free electrons
to be available in the system. Thanks to ionizing cosmic or natural nuclear radiation, free
electrons are present in any neutral gas and in some cases they are created by thermionic
emission, field emission or other technical generation mechanisms to kick-start the plasma
generation process. Due to their electrical charge, these free electrons can be efficiently
accelerated by electromagnetic fields. Once their kinetic energy is high enough to allow
ionization of neutral particles from the background gas (Ekin > Eion), an avalanche effect is
initiated as more and more electrons can contribute to the ionization process [5].

As illustrated in figure 3.1, this so-called volume ionization results in an exponential
growth of the electron density ne according to

ne(x) = ne(0)eαx. (3.2)

Here, x is the distance, the electron has traveled through the background gas and α is the first
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cathode glow

a

g

Figure 3.1: Illustration of the basic plasma generation process by the electron avalanche effect. A free
electron or one which is generated by secondary electron emission, initiates a cascade of electron-ion pairs
resulting in an exponential growth of the electron density. Illustration by courtesy of F. Haase, after [5].

Townsend coefficient which describes the number of ionization processes per unit length [11]:

α =
νion
vD

. (3.3)

The volume ionization is, thus, primarily defined by the frequency of the ionization events
νion and by the mean drift velocity of the electron vD.

Opposing the generation processes, are the loss mechanisms, which, when a steady state is
reached, exactly balance the ionization of the gas. The dominant loss mechanism in technical
plasmas is usually the recombination at the wall. Here, either single charge carriers recombine
and neutralize upon collision with the wall or electrons and ions recombine in a three-body
collision with the wall. However, as described in section 2.2.3, the impact of electrons and
ions on a surface is also associated with the emission of so-called secondary electrons. The
wall does, thus, not only represent a source for losses but also for generation of the essential
free electrons. The efficiency of the secondary electron emission is described by the amount
of released electrons per impinging ion, the so-called secondary electron yield :

γ =
released electrons

impinging ion
. (3.4)

An analogous coefficient δ is defined for electron impact, but since it is typically one order
of magnitude smaller than that for ions, it is usually neglected.

For an idealized DC-discharge where only volume ionization according to the α-process
and secondary electron emission by ion impact on the cathode are present, a simple balance
equation for breakdown between two electrodes at a distance d from each other can be
obtained:

γ
(
eαd − 1

)
= 1, (3.5)

This equation can be understood as the requirement for the secondary electron yield to
be high enough, so that the released electrons can create enough ions by the α-process, to
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compensate the loss of ions at the cathode. For the volume ionization coefficient α, Townsend
formulated an empirical law which gives its dependence on the electrical field E and the gas
pressure p [5]:

α

p
= A exp

(
− B

E/p

)
, (3.6)

with A and B being characteristic constants for the used gas. Combining this equation with
equation 3.5, the Paschen law is obtained, which gives a condition for the breakdown voltage
Ubd = Ebdd for a DC-discharge:

Ubd =
Bpd

C + ln(pd)
with C = ln

[
A

ln(1 + 1/γ)

]
. (3.7)

In figure 3.2 the Paschen curves for the breakdown voltage as a function of the pressure-
distance product in different gases are plotted. The minimum is the result of too few atoms
for ionization being available on the left side of the minimum and too little energy being
gained per mean free path on the right side.

100 102 104

pressure  distance  (Pa m)

102

103

104

105

106

br
ea

kd
ow

n 
vo

lta
ge

   
U

bd
 (

V
)

Argon
N2
Helium

Figure 3.2: Breakdown voltages according to the Paschen Law for Argon, Nitrogen and Helium with
constants from [3] and a secondary electron emission coefficient of γ = 0.1.

Although, the above described processes are fundamental to any technological discharge,
in reality many other processes like metastable-metastable ionization, charge exchange col-
lisions or stepwise ionization need to be considered too. A more complete description of
the processes involved in generating and maintaining a stable plasma can be found in the
textbook literature, see e.g. [3, 5, 6].
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3.2 Ion Beams and Ion Thrusters

Ion beams have been developed independently in a number of separate fields of scientific
research and application, however, especially in the early days, the development was mainly
driven by two mostly unrelated fields: atomic and nuclear physics and space propulsion [11].
Nowadays ion beams are commonly used in many fields of research and are well established
in industrial processes for material processing, surface analysis or thin film coating processes
[41]. Due to the multitude of applications, numerous different setups have been developed
over the years, many of which are described in textbooks such as [11] or [41]. A method for the
efficient and standardized comparison between the different ion beam models and concepts
would be of great use to help the future development of ion beams, independently of their
application. Exactly this also gives the motivation for the ’advanced electric propulsion
diagnostics’ (AEPD) platform which is described in publication [I].

The main principle of an ion beam is to combine an ion source (e.g. a plasma) with an
acceleration method to create an energetic beam of ions. For space propulsion the force which
is created as the ions are accelerated, is used to create thrust while in e.g. microelectronics
the energetic ions are used for implantation. Figure 3.3 gives two typical examples of ion
thrusters which illustrate the main acceleration principles used in most ion beams. In a
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Figure 3.3: (a) schematic drawing of a typical gridded thruster with a combination of a dc discharge with
a hollow cathode, taken from [5]. (b) schematic drawing of a typical Hall-effect plasma thruster where the
ions are accelerated by the sudden potential drop in front of the discharge gap, taken from [42].

gridded thruster, such as the one shown in figure 3.3a, the plasma is confined by a screen
grid and the walls of the plasma chamber. By applying a high voltage (∼1000 V) between
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the neutralizer and the anode, the ions can be extracted from the plasma and accelerated to
a high monoenergetic energy. Any ion beam which is operated as an ion thruster includes a
neutralizer which is typically positioned close to the extracted beam outside of the source.
The neutralizer emits electrons into the beam and is necessary to prevent charging of the
space craft and problems associated with space-charge limited flow. While the development
of ion beams in the USA was mainly focused on gridded sources, in the Soviet Union a
different type of thruster called Hall-effect thruster was favored. A schematic drawing of
a typical Hall-thruster is shown in figure 3.3b. The plasma is created inside an annular
gap with insulated walls which contains a metallic anode through which the propellant gas
is introduced. The cathode is positioned at the open end of the plasma gap and creates
a plasma bridge which defines the attractive electrostatic potential for the ions from the
plasma gap. The magnetic circuit which creates a localized, transverse magnetic field near
the exit of the plasma channel, traps the electrons by forcing them onto an azimuthal path
in the E×B direction. The resulting electron drift is the origin for the name of this type of
thruster as it is described by the Hall current [5]. Due to the higher mass of the ions, they
are not as effectively bound to the magnetic field and can thus be accelerated by the electric
field between the anode and the cathode while the electrons are left behind.

3.2.1 The Radio Frequency Ion Thruster

The radio frequency ion thruster (RIT) is a gridded thruster much like the one shown in
figure 3.3a, however, instead of generating the plasma as a dc discharge, here, the energy
is inductively coupled into the plasma using radio frequency waves in the MHz regime. In

(a) (b)

Figure 3.4: (a) schematic drawing showing the generic operation principle of an RF-Ion thruster, taken
from [43]. (b) photograph of the RIT-µX, taken from [44].

figure 3.4a a schematic drawing, showing the general operation principle for a RIT along
with a photograph (figure 3.4b) of the RIT-µX which has been investigated as a part of
this thesis (see publication [I]) is shown. The schematic drawing can be divided into three
parts: In the ’ion production’ part, the propellant gas is ionized in a radio frequency (RF)
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plasma. The alternating current in the RF coils generates an alternating magnetic field
resulting in an azimuthal, circular electric field [43], which accelerates the free electrons to
energies high enough to ionize the neutral gas. In the ’ion acceleration’ part, the extracted
ions are accelerated in exactly the same way as with all gridded thruster: by a potential
difference between the neutralizer and the screen grid. Typically in gridded thruster at
least one additional grid is used for control of the beam form for earth-based ion beams
the acceleration potential is created between an anode in contact with the plasma and the
grounded chamber walls [45]. The third part is the ’beam neutralization’, which again
is used to create the attractive pole for the acceleration potential and emits electrons to
neutralize the beam. The RIT-µX represents a special branch in ion thruster development
which is motivated by the requirements for micro propulsion, which is typically associated
with precise thrust modulation in the µN to low mN range. Such low thrusts are required for
the precision positioning of e.g. space craft in formation flying observatories like the ’Laser
Interferometer Space Antenna’ (LISA) [46].

3.3 Magnetron Sputtering

Magnetron sputtering is the most common and also oldest plasma based coating technique.
Its basic idea is to evaporate material from a target by ion bombardment, which allows
to deposit a film on a substrate which is exposed to the evaporated material. Due to the
high quality of the deposited films and their finely adjustable properties, it is nowadays
the process of choice for the deposition of a wide range of industrially important coatings
[47]. The introduction of the ’conventional’ or ’balanced’ magnetron in the 1970s marks
an important step in the evolution of sputter deposition techniques and in many ways can
be understood as the starting point for the development of modern magnetron sputtering
systems. Based on this original design, over the years many different variations evolved with
a key point being the optimization of the magnetic field, resulting in ’unbalanced’ magnetrons
or ’closed-field’ multi-source systems. The more recent development of ’High Power Impulse
Magnetron Sputtering’ (HiPIMS) further expands the possible fields of application and made
magnetron sputtering feasible for the combination with other surface treatment processes
like ’Plasma-based ion implantation’ (PBII). The sources investigated in this thesis include
both conventional magnetron sputtering systems as well as more advanced systems. The
following section gives a brief description of these systems and their most relevant qualities.

3.3.1 Direct Current Magnetron Sputtering (DCMS)

The conventional magnetron combines a glow discharge with a magnetic field configured
parallel to the target surface. In figure 3.5 the alignment between the fields is illustrated
along with a schematic setup. As it can be seen, the electric field is generated between a
surrounding anode and the cathode which is made of the material which will be used to
form the coating. The magnets are arranged in such a way, that the magnetic field lines
are perpendicular to the electric field for a region close to the target surface. The magnetic
field prevents the electrons from simply following the electric field lines and instead, as a
result of the Lorentz force, they gyrate around the magnetic field lines. For the region of
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perpendicular fields, this means that the electrons are trapped in the plasma and gyrate
around the magnetic field lines with a characteristic radius called the Larmor radius rL:

rL =
ve,⊥me

e0B⊥
(3.8)

Here, ve,⊥ is the velocity of the electron perpendicular to the magnetic field B⊥ and me and
e0 are the mass and charge of the electron. This gyration dramatically increases the path
an electron covers before it reaches the anode and proportionally increases the probability
for ionization.
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Figure 3.5: Illustration of a typical planar circular magnetron, showing a cross section of the setup. On the
left side the field configuration is shown with the region of most effective electron trapping indicated by the
purple color. On the right side the motion of electrons and ions together with the flux of sputtered atoms
are indicated. Illustration by courtesy of F. Haase.

In a circular planar magnetron such as the one used in this thesis, the target is a disk
with a typical radius of 5 to 10 cm and the magnetic field is created by two separate packs
of magnets positioined behind the target. One magnet pack is positioned in the center and
the other around the perimeter of the disc as visible in the cross-section of figure 3.5. Since
the impinging ions create a high energy flux to the cathode, the magnets and the cathode
is cooled with water to prevent demagnetization of the magnets or damage to the cathode.
Due to the radial symmetry, this type of magnetron forms a ’donut-shaped’ plasma torus
above the cathode, which is clearly visible and results in a circular erosion zone on the target
surface, called the race track. To allow for comparison between different magnetron systems,
the current-voltage-characteristic is a good indicator. Based on the physics of an abnormal
glow discharge, which is the typical operation regime for a magnetron, Thornton [48] derived
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an empirical law which is applicable for most planar magnetrons:

I ∝ Un (3.9)

The parameter n is characteristic for the specific system and describes the efficiency of the
electron trapping which is primarily dependent on the working pressure, the target material
and the magnetic field strength. Typical values for n can range from 7 to 14 [49].

As argued above it was well known that the strength of the magnetic field is critical to
the magnetron operation but it was only in 1986, almost 20 years after the invention of
the conventional magnetron, that Window and Savvides investigated the effect of unequal
inner and outer magnet packs [50], see figure 3.6. They found that, by using an ’unbalanced’
magnetic field with stronger magnets on the perimeter, the ion density in the substrate region
can be effectively increased without sacrificing the high flux of coating atoms associated
with the conventional setup. Ions play a critical role in the deposition process of magnetron

Figure 3.6: Comparison of magnetron systems with different magnetic configurations. The difference in
plasma confinement between the conventional and unbalanced magnetrons is schematically shown by the
gray plasma region.

sputtering films. As a heavy species, the ions can transfer energy more localized to the
growing film than the electrons or e.g. radiation [49]. This localized energy transfer was
found to strongly influence the structure and properties of the growing film and the observed
changes were found to be both a function of the amount of ions impinging on the substrate
as well as of their energy. In figure 3.6 the effect on the plasma confinement for different
magnet configurations is shown. For the conventional case, with a ’balanced’ magnetic field,
the trapping of the electrons is very efficient. As the electrons gyrate along the magnetic field
lines, they can only drift towards the target where they will eventually change direction due
to the negative potential and start drifting back into the plasma. For ’Type-1 Unbalanced’
magnetrons, the inner magnet pack is stronger than the outer one, which results in some of
the B-field lines not ending on the cathode but instead, being directed towards the chamber
walls. This results in a slightly lower plasma density in the main plasma as electrons can
escape towards the wall. However, if the outer magnets are chosen to be stronger than
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the inner ones, again, the field lines are not closed, but in this case the open field lines
are directed towards the substrate. This configuration is called ’Type-2 Unbalanced’ and
is associated with ion current densities in the range of an order of magnitude higher than
those obtained in the conventional magnetron. The reason why the ion density changes so
dramatically as a function of the magnetic field, is not the direct interaction according to the
Lorentz force (ion gyration radii are usually bigger than discharge dimensions) but because
of their coupling to the electrons. As explained above, the electrons are effectively bound to
the B-field and accordingly, for type-2 magnetrons, more electrons can escape from the main
plasma region towards the substrate. Since the escape of electrons along the field lines would
lead to unequal densities of electrons and ions, the plasma reacts by forming a space charge
electric field E. This field reduces the electron motion away from the center of the plasma
and accelerates the ion movement towards the substrate [5]. The resulting drift of coupled
electrons and ions is called ’ambipolar diffusion’ and can be understood as a ’dragging along’
of the ions by the flux of the electrons.

A typical approach for compensation of the low flux of ions in conventional magnetrons
is the negative biasing of the substrate. This however, can lead to defects and increased
stress in the film caused by the higher energy of the accelerated ions. Instead, a high flux of
relatively low energy ions is generally preferred [51], which are conditions readily provided
by the type-2 unbalanced setup.

DCMS with additional magnetic field

One of the experimental setups used to change the balance of the magnetic field, is the
combination of a magnetron with an additional magnetic field provided by an electromagnetic
coil. This coil can e.g. be placed outside of the chamber [52] or as shown in figure 3.7 be
integrated in the substrate holder [53]. The idea of such a setup is, that it can flexibly
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Figure 3.7: Schematic setup of an advanced magnetron sputtering system with two confocal magnetrons
with unbalanced magnet configurations. Here two configurations of the confocal system are shown: closed
field (the magnetrons have opposing magnetic polarity) and open field (both magnetrons have the same
magnetic polarity). The additional magnetic field created by the coil allows to flexibly change the balance
of the magnetic field and accordingly the number of ions on the substrate. Taken from [53].
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change the flux of ions onto the substrate by adjusting the current of the electromagnetic
coil. Additionally it is an effective tool to investigate the effect of different magnetic field
configurations.

3.3.2 High Power Impulse Magnetron Sputtering (HiPIMS)

One of the most important process parameters in magnetron sputtering is the plasma den-
sity. Since a higher plasma density results in both higher deposition rates as well as a higher
fraction of ionization in the sputtered material flux, it is desirable to maximize this param-
eter. This resulted in the development of a branch of magnetron sputtering called ionized
physical vapor deposition (IPVD), which defines systems with more than 50% of ions in the
sputtered vapor [54]. These systems usually include a secondary discharge which provides
additional ionization of the sputtered atoms and thus allows for e.g. improved deposition in
trenches of high aspect ratio. However, since these techniques cannot be easily incorporated
into existing magnetron sputtering systems, they create relatively high cost and complexity
compared to DCMS.

In DCMS a higher plasma density can be achieved by simply increasing the power density
supplied to the target. However, this also leads to overheating and eventually melting of
the target which creates an upper limit for this approach. In 1999 Kouznetsov et al. [55]
introduced a novel approach to overcome this limit by applying a high power unipolar pulse
of low frequency and low duty cycle to the cathode. This method is called high power pulsed
magnetron sputtering (HPPMS) or high power impulse magnetron sputtering (HiPIMS). The
low duty cycle (0.5 - 5%) allows to use much higher cathode voltages (500-2000 V) resulting
in peak power densities in the order of 0.5-10 kW/cm2 without overheating the target.
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Figure 3.8: (a) voltage and current signal for an exemplary HiPIMS pulse with a frequency of 100 Hz and
200 µs on-time. The roman numbers indicate the phases introduced in (b) with a more detailed description
given in [56]. (b) schematic illustration of the HiPIMS current pulse divided into five different phases and
three regimes according to the self-sputtering parameter Πss. Plots taken from [57] and [54].

In figure 3.8 typical ion and voltage signals for a HiPIMS discharge are shown. The
current can be divided into five different regions, which each represents a different phase of
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the discharge:

1. ignition - short period with negligible plasma in the bulk volume which leads to the
ignition of the plasma.

2. current rise - initial current increase after the bulk plasma breakdown, with the devel-
opment of a dense plasma torus above the race track. In this phase the plasma mainly
consists of background gas ions.

3. gas depletion - the current and plasma density reach a maximum which creates a strong
reduction of the working gas atom density. The density reduction is mainly a result of
the high electron impact ionization and momentum transfer from the sputtered atoms.

4. plateau/runaway - for the plateau case, a stable current develops as the result of a
balance between gas-rarefaction, refilling with background gas and self-sputtering. If
the self-sputtering is efficient enough, the discharge current continues to rise (runaway)
as a result of further depletion of the background gas and replacement by ions of the
sputtered species.

5. afterglow - after the HiPIMS pulse is switched off, the current drops sharply, followed
by a slower decay of the plasma density, which in some cases can result in a weak
plasma being present for the entire off-time of the pulse.

A particularly interesting case appears, when the sputtered vapor is created at a high
enough rate that the ions of the working gas are not further needed to sustain the plasma.
This case is called sustained self-sputtering and the threshold to this regime is defined by
the self-sputtering parameter Πss:

Πss = αβtYss = 1. (3.10)

Here, α is the ionization probability for the sputtered atom, β is the probability for an ion
created by ionization from the sputter vapor to return to the target, and Yss is the self-
sputter yield of this ion. In the regime of sustained self-sputtering, it is possible to reduce
the amount of background gas pressure and in some cases the discharge can be run without
additional working gas [58]. The absence of working gas allows to create films with very high
purity and superior properties due to fewer collisions of the sputtered atoms on their path
to the substrate.

Compared to DCMS, HiPIMS systems present a comparable complexity as the only differ-
ence is the power supply, while providing two orders of magnitude higher electron densities
in the range of 1018− 1019 m−3. The main disadvantage is a reduction of the deposition rate
by up to 50% [59], which is typically associated with ionized particles of the sputter vapor
returning to the target, also known as the ’returning ion effect’ [54].

3.3.3 Gas Aggregation Cluster Source (GAS)

The first magnetron based cluster source was introduced by Haberland [60] in 1991 as an
alternative to the existing cluster sources which usually involved a laser or thermal evap-
oration process. While the original idea was to grow strongly adherent films, in recent
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years this type of cluster source has been majorly used to produce complex nanoparticles
or nanoparticle-films [61]. Figure 3.9 shows a schematic setup of a typical magnetron-based
gas aggregation cluster source. A magnetron sputtering source is positioned in a relatively
small water-cooled chamber. The high gas pressure in the aggregation chamber (>10 Pa)
and the cooled walls, allow to efficiently cool the sputtered target atoms by collisions with
the background gas. The cooling is necessary to increase the probability for the formation
of dimers as a result of three-body collisions. Once the dimer is formed it can further grow
by attachment of single atoms or by coagulation with other dimers or bigger particles. Since
the aggregation chamber is connected with a small nozzle to the differentially pumped depo-
sition chamber, the particles are transported by the resulting gas flow from the aggregation
chamber into the deposition chamber where they arrive as a beam of nanoparticles.

Figure 3.9: Schematic drawing of the setup for cluster generation in a typical Haberland type aggregation
source. Taken from [62].

3.4 Plasma Based Ion Implantation and Deposition
(PBII&D)

Plasma based ion implantation and deposition is a hybrid process which combines plasma
based ion implantation (usually known as plasma based ion implantation (PBII) or plasma
immersion ion implantation (PIII)) with a plasma based deposition process. The idea here is,
that through the combination of both processes, almost any desirable elemental composition
profile can be created [63]. To combine the two systems, a deposition plasma with a high
degree of ionization in the depositing species is needed. For this reason, in most cases
cathodic arcs, also known as vacuum arcs, are used as a deposition source, however other
sources have also been used such as IPVD sources with post-ionization or more recently
HiPIMS [64].

Plasma based ion implantation (PBII)

PBII or PIII was developed as an alternative process to ion beam based ion implanta-
tion which is a line-of-sight process and, thus, does not allow practical treatment of three-
dimensional objects. In PBII the highly kinetic ions are not supplied by an external ion
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Figure 3.10: Theoretical evolution of the normalized ion current density J as a function of the normalized
time τ , according to the Lieberman model for application of a negative voltage step to a planar substrate.
The time is normalized on the inverse ion plasma frequency and the current density on e0niv0, where ni is
the ion density and v0 the characteristic ion velocity. Graph taken from [63] with data from [65]

beam, but instead, the substrate is immersed in a plasma and becomes part of the ion ac-
celeration scheme itself. By biasing the object, ions from the plasma are accelerated in the
plasma sheath, which uniformly develops around the immersed object.

As it can be seen in figure 3.10, the development of the sheath effectively shields the
potential from the plasma, resulting in a short burst of high ion current followed by a much
lower constant current. The experimentally observed current signal is in good agreement with
the theory and can be explained by the Lieberman model as followed [65]: Upon application
of the bias voltage, first, the electrons are repelled according to the time scale of the inverse
electron plasma frequency (ω−1p,e ≈ 10−9s, see equation 2.7). Since the ions are too massive
to respond as quickly as the electrons, a matrix of ions is exposed, which is also called
the ion matrix sheath. Next, on the slower timescale of the inverse ion plasma frequency
(ω−1p,i ≈ 10−6s, see section 2.1), the ions in the matrix sheath are accelerated towards the
substrate and create a sharp maximum in the current as visible in figure 3.10. As more and
more ions are extracted from the plasma, the sheath edge moves into the plasma and on a
longer time scale of typically tens of ω−1p,i , the sheath and the current density evolve towards
a steady-state configuration according to the Child-Langmuir law [63]. To utilize the high
current from the matrix sheath, the bias voltage is typically operated in a pulsed mode with
frequencies of a few Hz up to several MHz.

HiPIMS as a source for PBII&D

HiPIMS with its high fraction of ions in the sputtered atom flux and advantages regarding
implementation into DCMS systems, scalability and advanced techniques such as ’gasless’
self-sputtering is an intuitive candidate as a deposition source for PBII&D [64]. Figure
3.11 shows a typical arrangement for implementation of such a system. Compared to other
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sources usually employed in PBII&D, such as laser ablation plasmas or (filtered) cathodic
arc evaporation, HiPIMS has the advantage of producing fewer multiply charged ions which
allows a more monoenergetic processing and, thus, more precise control of the interface and
film texture. Additionally it is characterized by a much higher accompanying flux of neutrals
which makes it particularly useful for the deposition part of PBII&D.
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Figure 3.11: Schematic drawing of a typical arrangement for PBII&D with HiPIMS. Adapted from [66].
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4 Plasma Diagnostics

This chapter gives an introduction into the theory and design of the diagnostic tools used
for the measurements in this thesis, with a particular focus on the calorimetric probes used
to measure the energy flux from a plasma.

4.1 Electrostatic probing - the Langmuir probe

The original article which introduced the concept of electrostatic probing in gaseous dis-
charges and still builds the theoretic foundation for modern Langmuir probe (LP) measure-
ments, has been published by Mott-Smith and Langmuir in 1926 [67]. Due to its experimental
simplicity and richness of information regarding critical plasma parameters, the Langmuir
probe evolved to be the most successful diagnostic method for plasma characterization. It
is beyond the scope of this work to fully describe this method and it’s underlying theory,
instead, this section will describe the basic ideas and focus on the methods used to obtain the
plasma parameters for the measurements presented in this thesis. More detail on different
probe geometries, electronic measurement procedures and specialized probes can be found
in the references [4, 5, 68].

4.1.1 The U-I-characteristic

In figure 4.1b a typical Langmuir curve as measured in a magnetron sputtering experiment
along with the sketch of a planar probe (4.1a) similar to the one used to obtain the data
is shown. Since both ions and electrons are not mono-energetic, but are described by a
complex energy distribution function, the amount of ions and electrons being able to reach
the probe gradually changes as a function of the probe potential. As described in chapter
2.1, at the floating potential Φfl, the current of electrons and ions are equal, resulting in a
net current of 0 A. Due to the higher energy of the electrons, this potential must always be
more negative compared to the plasma potential Φpl.

The form of the Langmuir curve, starting from a very negative potential (-50 V in figure
4.1b), can be explained as follows: If the probe is biased negative enough that even the
electrons from the highly energetic tail of the energy distribution cannot reach the probe
surface, the current on the probe is solely produced by ions. For potentials even more
negative than this, the resulting ion-saturation current Ii,sat in theory stays on a constant
level. The slight decrease, which is typically observed in real measurement curves, is solely
an effect of increasing sheath thickness and, accordingly, greater collection surface for the
ion current. The region where the probe current is solely created by ions is called the
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Figure 4.1: (a) schematic drawing of a planar Langmuir probe. (b) exemplary Langmuir measurement
curve for a planar probe with 11 mm diameter. The relevant regions and obtained parameters are marked
in red. It should be noted that, by tradition, the negative probe current is plotted.

ion-saturation regime and the current in this region is given by

Ii,sat = nie0AsvB ≈ 0.61nie0As

√
kBTe
mi

. (4.1)

As it can be seen from the equation, the ion-saturation current is only defined by the ion
density ni, the Bohm velocity vB and the surface area of the probe As. Through the definition
of the Bohm velocity (section 2.1), it can also be expressed by the energy which the ions
gain in the presheath, which results in the relation vB = 0.61

√
kBTe/mi. Here, mi is the

ion mass, kB the Boltzmann constant and Te the electron temperature. Using this relation,
a direct connection between ion saturation current, electron temperature and ion density is
given, and, if both Te and Ii,sat are known the ion density can be calculated.

If the probe potential is increased to higher values, the electron retardation region is
entered. Here, more and more electrons are able to reach the probe surface and due to the
Maxwellian energy distribution, the current rises exponentially, resulting in a total current
Itot of

Itot = nee0As

√
kBTe
2πme

(
0.61

√
2πme

mi

− exp
(
−e0(Φpl − Φs)

kBTe

))
, (4.2)

with the electron charge e0, the electron mass me and the probe potential Φs.

At the plasma potential Φpl, the probe is at the same potential as the plasma and no
electric field and, accordingly, no sheath is present around the probe. Here, all ions and
electrons can reach the probe. If the probe potential is increased to even higher values, the
current shows a characteristic kink and stays at an almost constant level afterwards. Any
further increase is only due the fact of an increasing collision parameter described by the
OML model [5]. In the so-called electron-saturation regime, analogous to the ion-saturation
regime, the ions cannot reach the probe and the current is solely defined by the density ne
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and energy of the electrons:

Ie,sat = −1

4
neAse0

√
8kBTe
πme

. (4.3)

4.1.2 Evaluation of the U-I-characteristic

According to the theory introduced above, the basic information of electron and ion density,
floating potential, plasma potential and electron temperature can be obtained from the
measurement curve with relative simple methods. While the floating potential and the
saturation currents, can be directly observed, the electron temperature is calculated from a
linear fit to the logarithmic plot of the current in the retardation regime (see figure 4.2a and
4.2b). As it can be easily seen from equation 4.2, such a semilog-plot will result in a linear
function with a slope equal to e0/kBTe. From the ion saturation current and the electron
temperature, the ion and electron density (ni = ne) can be directly obtained from equation
4.1. The plasma potential is either obtained as the inflection point of the current or as the
intersection of linear fits in the semilog-plot to the electron current in the retardation region
and in the electron-saturation region, see figure 4.2b.
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Figure 4.2: (a) exemplary measurement data of a planar Langmuir probe obtained in a magnetron sputter-
ing experiment. The calculated values for the floating and the plasma potential are marked and along with
the raw data, a smoothed fit and the electron current obtained after subtraction of Ii,sat from the measured
current, is given. (b) semilog-plot of the electron retardation and electron-saturation region of the data
shown in (a). The two linear fits are used to calculate the electron temperature (slope m of green line) and
the plasma potential (intersection of fits).

These basic methods give reasonably good results in most plasma environments, however,
to reach higher accuracy and obtain more detailed results, sophisticated methods for the
exact evaluation of the U-I-characteristic are advisable [68]. For example, in the case that the
electron distribution function significantly deviates from a Maxwellian distribution, some of
the assumption, which are made for deriving the above equations, do not apply anymore. In
these cases the most common method for evaluation of the Langmuir data is the Druyvestyn
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50 4.2 Quartz Crystal Microbalance

method. Using this method, the electron distribution function can be directly derived from
the second derivative of the I-V-curve, which allows a more accurate determination of the
electron temperature and gives additional information regarding e.g. secondary electron
populations in the plasma [5].

All LP measurements presented in this thesis, including the one shown in figure 4.2a, are
obtained using a National Instruments acquisition card in combination with LabVIEWTM

software. Analog to the improvements made to the thermal probe measurement software
(see chapter 5.2.1), the LP software was also majorly overhauled as a part of this thesis. The
software optimization was done in close collaboration with Fabian Haase and the reader is
advised to his PhD thesis for a more detailed description of the improved software.

4.2 Quartz Crystal Microbalance

For most deposition systems it is of fundamental importance to know the deposition rate, so
that the thickness of the deposited film can be effectively adjusted. The basic technique to
obtain this parameter is by measurement of the deposition time and subsequent measurement
of the sheath thickness using e.g. profilometers or microscopes. The biggest disadvantage of
this methods is that it only gives a time-averaged value and that it does not allow in-situ
measurements. In 1959 Sauerbrey solved both of these problems by introducing an elegant
method for the in-situ measurement of the deposition rate: the Quartz Crystal Microbalance
(QCM) [69]. The basic idea of this method is to measure the mass m of a deposited film
using the eigenfrequency f0 of a piezoelectric crystal. By treating the deposited film as
an extension of the crystal thickness, Sauerbrey derived the following relation between the
change of eigenfrequency ∆f , crystal area A, density and shear modulus of the quartz ρq, µq
and the change of the mass ∆m:

∆f =
2f 2

0

A
√
ρqµq

∆m. (4.4)

By using the crystal as part of a resonant circuit, the oscillation frequency can be deter-
mined with a resolution below 1 Hz and since typical AT-cut piezoelectric crystals have
eigenfrequencies in the range of a few MHz, even small changes of mass can be detected
accurately.

In this thesis, the commercially available QCM IL150 produced by Intellemetrics Global
Ltd. with 6 MHz AT-cut crystals (14 mm diameter, 3 mm thickness) have been used. As
in all modern QCM’s, the crystal has a plano-convex shape, which results in most of the
oscillations to occur in the central exposed region of the crystal and allows firm clamping on
the sides. To increase the life cycle of the crystals by allowing thicker films than originally
intended by Sauerbrey, the IL150 employs a more rigorous acoustic analysis of the loaded
crystal as a one dimensional composite resonator [70]. Using this model, the thickness Tf of
the deposited film can be calculated from

Tf =
Dq

Df

NqTZf
3.14Zq

arctan

(
Zq
Zf
tan

(
3.14

(
1− Tq

T

)))
, (4.5)
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with Dq, Df and Zq, Zf the density and the acoustic impedance of the crystal and the
deposited film, respectively, Nq the frequency constant for an AT-cut quartz crystal and T
and Tq the period of the loaded and the unloaded crystal, respectively. However, it should be
noted, that this more complicated calculation of the film thickness only results in appreciable
deviations from those predicted with equation 4.4 for heavily loaded crystals. Therefore, for
most cases, the original assumption that the film can be treated as an extension of the crystal
(Zf = Zq) is valid and equation 4.5 can be reduced to

Tf =
NqDq

Df

(T − Tq). (4.6)

Since the primary measurement value of the QCM, in accordance with equation 4.4, is the
mass of the deposited film, any derived values like film thickness or deposition rate necessarily
include assumptions regarding the density of the deposited material. As especially the
density can vary greatly depending on various parameters in the thin film deposition process,
it needs to be chosen with great care and the resulting measurements have to be analyzed
accordingly.

4.3 Calorimetric Probe

The measurement of energy flux with calorimetric probes, also known as thermal probes, is
a well established method which originates from the measurement of radiation coming from
the sun or other radiation sources [71]. It was notably introduced to plasma environments for
measuring the energy balance of surfaces in 1978 by Thornton [35] and has been since proven
as a versatile and robust diagnostic [17,72–77]. Over the years a variety of different methods
have been developed like the Gardon sensor which deduces the energy flux from increased
temperature in the center of an exposed membrane [17, 78] or a method which deduces the
energy flux from the temperature gradient over a partially exposed substrate [79, 80]. A
refined version of the temperature gradient method is utilizied in the thermopile sensor,
which combines a cooled PT100 element with an array of 1600 thermocouple junctions [77].

Radiometer, Gardon [78]

water cooling

steel

tube
dT Cu

thermo

couples

Temperature gradient method [80] Thermopile-Sensor [77]

Figure 4.3: Schematics of different calorimetric probes.

The calorimetric probes used in this thesis are commonly known as passive thermal probe
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52 4.3 Calorimetric Probe

(PTP) and active thermal probe (ATP). The passive thermal probe was introduced by
Thornton [35] in 1978 and is essentially based on the relation between net-power to the
substrate and temperature gradient of a substrate exposed to a plasma. The active thermal
probe is a much newer development [81] and is based on the balance between external energy
flux and supplied energy flux through active heating of the probe substrate. The detailed
construction and underlying principles of those probes are described in greater detail in the
following sections.

4.3.1 Grouping of the energy flux contributions

In section 2.2 the different contributions to the integral energy flux for a substrate in contact
with a plasma were introduced theoretically. To understand which of those contributions are
actually measured by the calorimetric probe, it is helpful to sort these into different groups.
An intuitive way to do this is to group them into positive and negative contributions, or,
from the perspective of the substrate, incoming and outgoing energy fluxes:

Jin = Jkin + Jradiation,line + J+surface (4.7)

Jout = Jcon + Jradiation,heat + JemitPart (4.8)

Here it is assumed, that the probe is cooled by the gas, the substrate holder and heat
radiation and that the surface reactions result in a positive energy flux. Although this
grouping is very useful to understand the nature of the energy balance, a different sorting
is necessary to understand the integral energy flux which is detected by the thermal probe.
In their primary operating mode both thermal probes give a differential measure of energy
flux. This means that actually not the absolute energy flux is measured, but the difference
between the energy flux with the plasma switched on and that with the plasma switched off.
Therefore, it is necessary to sort the different contributions according to their typical time
constants, by dividing them into continuous and switchable contributions:

Jmeas(t) = Jkin + Jradiation,line + J+surface + JemitPart (4.9)

Jcont(Ts, t) = Jcon + Jradiation,heat (4.10)

The continuous contribution Jcont changes only weakly as a function of time t and more di-
rectly as a function of the substrate temperature Ts, while the switchable contributions Jmeas
change abruptly once the plasma is shut off. Due to the short time period which is used for
evaluation, the continuous contributions can be assumed to be constant and thus disappear
due to the differential measurement method. The remaining switchable contribution Jmeas
yields the measurement value.

4.3.2 Passive thermal probe (PTP)

In the first two parts of this section the measurement principle and design of the passive
thermal probe used in the majority of the experiments in this thesis are described. In the
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last part, common methods for evaluation of the obtained temperature curves are presented.

Physical probe design

The passive thermal probe used in the majority of the experiments in this thesis is based on
the original Thornton design [35] and was developed and refined in the plasma technology
group of Prof. Kersten at Kiel University [32]. An improved version of this design which was
developed as a part of this thesis is described in chapter 5.2. Figure 4.4 gives a photograph

(a)

ceramic shielding

substrate dummy

thermo couple

(type K)

bias wire

(b)

Figure 4.4: (a) Photograph of the PTP sensor head with dummy-substrate made of copper, in the middle
the indentations from spot welding are visible. (b) Schematic drawing of the sensor head of the PTP.

and schematic drawing of the sensor head which uses a circular dummy substrate made of a
copper sheet. The substrate has a diameter of 2 cm, a thickness of 70 µm and a high thermal
conductivity of λCu = 390 W/(m ·K). The high thermal conductivity is necessary to create
a homogeneous temperature over the whole substrate and ensures fast heat transfer to the
back of the substrate. Here the temperature is detected with a Type K thermocouple (40
µV/K) which is spot welded to the middle of the probe. Additional to the two thermocouple
wires, a copper wire is spot welded to the back of the probe, which allows biasing of the
probe and measurement of electrical current or potential.

The copper plate is shielded by a ceramic housing made of Macor c© which minimizes
energy flux to the back of the probe resulting in an exposed substrate area of As = 3.12 cm2.
Additionally, the ceramic insulates the substrate electrically from the metallic holder and has
a high heat capacity of Ch = 18.2 J/K. The copper substrate on the opposite, is optimized
to have a small heat capacity of typically Ch = 0.1 J/K which results in fast changes of
the substrate temperature upon exposure to energy flux. The big difference in heat capacity
ensures, that any energy transfer between substrate and holder changes on long timescales
and can thus be neglected according to equations 4.15 and 4.16.

In figure 4.5 a schematic drawing of the main components of the measurement setup is
shown, a detailed description can be found in [82]. The temperature-dependent voltage,
resulting from the Seebeck effect, is amplified by a circuit outside of the vacuum chamber
(AD595, [83]). This circuit together with an additional amplifier increases the voltage to
15 mV/K and integrates a cold-junction compensation and reference zero-point (0◦C). The
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NI USB-6009 LabVIEW program

15 mV/K

Figure 4.5: Schematic drawing of electronic measurement setup for the passive thermal probe.

thermocouple wires are connected with copper wires to the measurement electronics. At the
junctions between thermo- and copper wire, other, unequal, temperature-dependent voltages
are created which are compensated according to the temperature at this junction by the cold-
junction compensation. The cold-junction temperature is measured by a PT100 element in
the integrated circuit and since the cold-junction in the measurement setup is actually at
the vacuum feed through it can result in erroneous absolute temperature values. However,
since for the measurement of the energy flux only relative changes in the temperature are
relevant, one only has to make sure that the cold-junction is at a constant temperature for
the period relevant to the evaluation.

The resulting signal is detected by a National Instruments multifunction I/O device ’USB-
6009’ which has a resolution of 14 bit and maximum acquisition rate of 48 kHz. Due to the
thermal inertia of the copper plate, time resolutions above 100 Hz do not give any extra
information. However, to reduce statistical noise the acquisition card is always operated at
its maximum frequency, which allows for averaging over 480 temperature values for each
data point acquired at 100 Hz. A more detailed description of the acquisition algorithm
developed in LabVIEWTMis given in section 5.2.1.

Measurement principle

The energy of a thermodynamic system can be described by its enthalpy, which is a measure
for the total amount of energy or heat stored in the system. The change of the enthalpy of
a substrate Ḣs is equal to the product of its heat capacity Cs and the time derivative of its
temperature dTs/dt:

Ḣs = Cs
dTs
dt

= Pin − Pout. (4.11)

Under the assumption that no processes take place inside the substrate which lead to a
change of enthalpy, a change can only be the result of interaction with its environment. This
interaction can be characterized by the power coming to the substrate Pin and the power
leaving the substrate Pout. To obtain a measure which is independent of the size of the
substrate, it is common to normalize these powers with the area of the substrate As. This
results in the energy fluxes Jin and Jout which have been introduced in section 4.3.1:

Jin =
Pin
As

and Jout =
−Pout
As

(4.12)

The minus before Pout is inserted because the power is defined as an absolute value, while
the energy flux going out from the substrate already is negative. If we are now able to switch
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Pin off, we get two equations to describe the change of enthalpy:

Heating: Ḣh = CSṪh = Pin − Pout,h
Cooling: Ḣc = CSṪc = −Pout,c

(4.13)

Under the assumption that the power leaving the substrate during the heating phase Pout,h
equals the power leaving the substrate during the cooling phase Pout,c at the same tem-
peratures, these two equations can be combined to calculate the incoming power from the
temperature gradients:

Pin = Cs

(
Ṫh − Ṫc

)
. (4.14)

As argued in section 4.3.1, in our typical plasma environment we do have contributions to
the energy flux which can be switched off and others, which mainly change as a function of
the substrate temperature and only weakly as a function of the time. Using this grouping,
4.13 can be rewritten as:

Heating:
Ḣh

As
=
Cs
As
Ṫh = Jmeas + Jcont,h,

Cooling:
Ḣc

As
=
Cs
As
Ṫc = Jcont,c.

(4.15)

Since the contributions collected in Jcont only change slowly as a function of time, the as-
sumption Jcont,h = Jcont,c can safely be made for short time periods. This results in a simple
relation for the energy flux which is detected by this method:

Jmeas =
Cs
As

(
Ṫh − Ṫc

)
. (4.16)

To allow precise and reliable determination of Jmeas it is thus crucial to first obtain accurate
values for the heat capacity and the exposed area of the probe and then precisely measure
the evolution of the substrate temperature. The heat capacity for metallic probes can best
be obtained by electron beam calibration described in chapter 5.1 and the effective probe
area As is usually defined by the physical probe design. For the measurement of the probe
temperature two aspects are of specific importance: the acquisition rate and the resolution.
A high acquisition rate is necessary to minimize the evaluation times. This allows for taking
advantage of small-heat-capacity-probes and strengthens the assumption of equal Jcont for
the evaluated times. A good resolution is necessary to reduce the statistical error and lower
the detection limit for a small energy flux.

Methods of evaluation

All evaluation methods for the temperature data acquired with the PTP are based on the
theory presented in 4.3.2 and 2.2.5. In the following section, three methods for PTP eval-
uation are described in descending order regarding its versatility. These methods are the
basis for PTP evaluation in most environments and need only slight modification even for
extreme cases like the high energy flux from a hot plasma jet [84]. The kink method and
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the dT-method are the most commonly used approaches and are closely related, as both are
used to obtain the derivative of the temperature. The equilibrium temperature method is
less practical for application with classical passive thermal probes of the ’Thornton-type’,
however a modified probe design would allow for efficient measurement without the necessity
for a calibrated heat capacity.

According to section 4.3.2, it can be easily shown that heating and cooling of the substrate
follows an exponential course if conductive cooling of the probe is dominant:

Ts,heat(t) = Teq +
Pin
α
−
(
Pin
α

)
exp

(
− α

Cs
t

)

Ts,cool(t) = Teq + (Tst − Teq) exp

(
− α

Cs
t

)





temperature curve (4.17)

Here α is a constant which describes the efficiency of the conductive cooling and Tst denotes
the probe temperature at the start of the cooling process. For better reliability when fitting
this exponential course and especially for better understanding of any deviation from it, it is
useful to analyze the time derivative of the temperature dTs/dt as a function of the substrate
temperature Ts. From equation 4.17 this so-called dT-curve can be calculated to be

dTs,heat
dt

= − α

Cs
· Ts,heat +

αTeq + Pin
Cs

dTs,cool
dt

= − α

Cs
· Ts,cool +

α

Cs
· Teq





dT-curve (4.18)

From these equations two things become obvious: the time derivative of the probe temper-
ature as a function of the substrate temperature is a linear function and the slope of the
linear function is only a function of the conduction coefficient α and the heat capacity Cs.
It should be noted that equations 4.17 and 4.18 change for more complex environments as
cooling by gas or radiation becomes more relevant. However, in most vacuum processes, the
simple model presented here represents a viable description.

The kink method requires a high measurement frequency and little noise since only
a short time-period of the graph is evaluated. For such small t, equations 4.17 can be
approximated as linear functions using the Taylor series:

Ts,heat(t) = Pin

Cs
t+ Teq

Ts,cool(t) = α
Cs

(Teq − Tst)t+ Teq

}
linear approximation (4.19)

In principle, using these equations, (Ṫh − Ṫc) can be easily determined for any point with
the same temperature on the heating- and the cooling-curve and according to the equations
4.18, (Ṫh− Ṫc) will always yield the same value for Ts,heat = Ts,cool. As it can be seen from the
measurement data shown in figure 4.6b, we do get parallel linear functions for the dT-curve
and thus we indeed obtain the same value all along the curve. However, as illustrated in 4.6a,
for the kink method, the curves are just evaluated at short time periods around the point
where the energy flux initially starts (heating kink) and where it stops (cooling kink). The
reason for this is, that in many measurement environments the conditions are not as ideal
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as in the example measurement or in the model introduced above. Instead, warmup effects,
which influence the energy flux due to e.g. conductive cooling or heat radiation, can disturb
the measurement and make the assumption of approximately equal Pout during heating-
and cooling-phase become less and less true. As argued in section 4.3.1 this erroneous
influence can be minimized by comparing heating- and cooling-curves which are measured
in a short time period. Evaluating only the time period around the kinks minimizes this
time period and makes it more likely, that the temperature of the substrate holder or the
vacuum vessel can be assumed to be constant. The main advantages of this method are
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Figure 4.6: Demonstration of the kink method on an example measurement. (a) temperature curve as a
function of time with marked evaluation areas around the two kinks, resulting in determined energy fluxes
of Jkink,heat = 39.15 mw/cm2 and Jkink,cool = 40.2 mw/cm2. (b) dT-curve of the temperature data from
(a) with linear fits of the heating and cooling period and the red and the blue arrow indicating the points
which were used to build the difference in derivatives at the kinks.

short measurement times, no necessity for complex fitting or calculating of derivatives and
negligible influence of temperature changes in the probe vicinity. The main disadvantage is,
that an efficient mechanism for switching of the power source is necessary to allow for short
evaluation periods.

The dT-method or exponential method determines the derivatives from an expo-
nential function according to equation 4.17. The coefficients of the exponential function can
either be obtained directly by an exponential fit algorithm or indirectly from the linear fits
in the dT-curve as demonstrated in figure 4.7.

The advantage of this method is, that the measurement frequency can be much lower as
compared to the kink method since a comparatively long time period is used for the evalua-
tion. However, this also makes it necessary to have a very stable measurement environment,
where no significant temperature change in the probe vicinity appears during this period.

The equilibrium temperature method is based on the balance between cooling and
heating of the probe at the maximum temperature. For the simple case of solely conductive
cooling of the probe, we can obtain the maximum temperature Tmax for the heating phase
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Figure 4.7: Demonstration of the dT-method on the same exemplary measurement data shown in figure
4.6. (a) temperature curve as a function of time with marked evaluation areas for obtaining the exponential
fit resulting in a determined energy flux of Jmeas = 40.8 mw/cm2. (b) dT-curve of the temperature data
from (a) with linear fits of the heating and cooling period. The slope of the fits can be used to determine
the coefficients of the exponential fit in (a). The differences in the derivative used for obtaining the energy
flux is indicated by the black double arrow.

from equation 4.17 as

Tmax = Teq +
Pin
α
. (4.20)

Rearranging this equation and replacing Pin by JinAs, we get an expression for the energy
flux which is independent of the heat capacity:

Jin =
α

As
(Tmax − Teq). (4.21)

To obtain the energy flux in this way, it is not only mandatory to know the conduction
coefficient α, but it is also necessary to determine both the maximum temperature the probe
will reach and the temperature of the heat sink which is relevant for the conductive cooling
of the probe.

If the heat capacity of the probe is known, α can in principal be determined from any
dT-curve measured for any unknown constant energy flux. This is due to the fact, that in the
case of solely conductive cooling, the dT-curve consists of two parallel linear functions with a
negative slope equal to −α/Cs, see figure 4.6 and equation 4.18. For a known heat capacity,
α can thus be directly determined from the negative tilt of the slope. The determination
of the two temperatures Tmax and Teq can be achieved in two different ways. The classic
approach is to observe the whole system for a sufficient time without energy flux, so that the
equilibrium temperature can be determined. Then, the energy flux is switched on and the
system is observed until it reaches thermal equilibrium, so that the maximum temperature
can be determined. The dT-curve of such a measurement performed with a conventional
thermal probe of the ’Thornton-type’, is shown in figure 4.8a. For this measurement, the
probe was exposed to the energy flux of an electron beam for 7 h and subsequently the
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cooling of the probe was monitored for another 7 h. The figure clearly illustrates the main
problem of this approach: as the probe is heated up, the probe housing and connection
wires also start heating and therefore falsify the result on this long time scale. This problem
can be avoided by implementing a cooling system into the probe as it has been successfully
demonstrated for a specially designed sensor introduced by Thomann et al. [85].
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Figure 4.8: (a) dT-curve of a conventional PTP for 7 h hour exposure to a constant energy flux from an
electron beam. (b) illustration of the extrapolation used to determine the maximum temperature and the
equilibrium temperature from the dT-curve. The exemplary measurement curve is from an electron beam
experiment with a heating time of 30 s.

A different approach to avoid this problem, which does not require modifications of the
conventional setup, is to obtain the maximum and equilibrium temperature from an extrap-
olation of the linear functions in the dT-curve. From equations 4.17 and 4.18 it can be
easily shown, that the linear functions in the dT-curve intersect the x-axis at the maximum
temperature Tmax and at the equilibrium temperature Teq, for the heating and cooling curve,
respectively. As presented in figure 4.8b, using this procedure, much shorter measurement
times similar, or even shorter than those used for the exponential method can be used. De-
pending on the design of the probe, parallel measurement of the temperature of the heat
sink for short-term conductive cooling would even allow measurements without the neces-
sity of a cooling curve i.e. without the necessity for switching of the power source. Using
this approach, the slowly changing temperature of the heat reservoir for conductive cooling
becomes irrelevant, since it is determined at the time of measurement. Consequently, any
long term change of Teq becomes irrelevant and thus the need for a water cooling system to
keep Teq at a constant value, is eliminated.

The main drawback of this method is that the cooling by gas is disregarded. As de-
scribed in section 2.2.5, however, gas cooling can be quite significant for pressures above ∼1
Pa. Although this drawback cannot be principally overcome, the erroneous influence can
be minimized by designing the probe in such a way, that the cooling due to gas can be
disregarded compared to the conductive cooling through the holder. Without these opti-
mizations, the applicability of this method is limited to systems with very low background
gas pressure. Since the calibration experiment used in this thesis operates at such a low gas
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pressure, one possible application of this method is the recalibration of probes which have
been coated with a dielectric film. The procedure to achieve this, is presented in section
5.1.3.

Evaluation of PTP data for non-ideal measurement conditions can best be achieved
by careful analysis of the dT-curve for the recorded temperature data. In the dT-representation
(see e.g. figure 4.7b) changes of the measurement conditions can be understood much more
easily. Some examples for this are:

• A deviation from the linear course expected for the heating curve indicates that either
the energy flux is not constant during the heating phase, or that the efficiency of the
cooling changes strongly. This can be observed for example if close walls heat up
strongly during the measurement.

• If both cooling and heating have a linear course, but with a different slope, this indi-
cates, that the cooling terms change abruptly when the power is shut off as the slopes
are defined by the efficiency of the cooling. Such an effect can appear for example,
if the probe is turned to shut off the energy flux and is then exposed to gas with a
different temperature.

Once the deviations during the measurement are understood, they can typically be com-
pensated by a customized evaluation method. A good example for this can be found for the
measurement in a plasma jet by Kewitz et al. [84]. Here, the main difficulties arose from a
slow starting mechanism of the jet and from severe heating of the probe housing and envi-
ronment caused by the high energy flux. The authors showed the effect of these difficulties
in the dT-curve and developed a solution based on the extrapolation of the heating curve
which allows to compensate the erroneous influences.

4.3.3 Active thermal probe (ATP)

Analog to the description of the PTP, the first two parts of this section describe the mea-
surement principle and the design of the active thermal probe. In the last part, the two
different approaches for evaluation of the acquired measurement data are presented.

Physical probe design

The basic principle for measurement of energy flux with the ATP is to maintain a substrate
which is exposed to an energy flux at a constant temperature. The power which is neces-
sary to achieve this, can then be correlated to the energy flux to the substrate. The active
thermal probe used in this thesis was originally developed in the ZIM-Project ’E-Impact’
in collaboration with the INP-Greifswald and has first been introduced by Wiese et al. in
2008 [86]. The main components are the temperature regulated dummy substrate and a
measurement electronic which is used to acquire the data and regulate the substrate tem-
perature. The sensor is manufactured by UST Umweltsensortechnik and consists of a 630
µm ceramic substrate with a conducting paths on its upper surface. The probe in its typical
configuration with the ∼20 cm holder and 8-pin custom connector is shown in figure 4.9.
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sensor 

head

Figure 4.9: Photograph of the active thermal probe used in this thesis.

As visible in figure 4.10, two separate circuits are imprinted on the substrate. On the
left side is the measurement circuit which covers an area of 0.47 mm2 and next to it on
the right, the much smaller and more dense compensation circuit is visible. Both of these
circuits are made from platinum and have a resistance of R0 = 100 Ω at 0 ◦C and have
similar temperature dependence as a typical PT100 element. Through these circuits, the
sensor can be heated by ohmic heating and the temperature Ts can be easily obtained from
its relation to the resistance R:

R(Ts) = R0(1 + αTs + βT 2
s ), (4.22)

with the coefficients α = 3.9083 · 10−3K−1 and β = −5, 755 · 10−7K−2. Both circuits
are connected via four wires to the measurement electronics to allow four-terminal sensing
which is necessary to allow accurate voltage and current measurement independent of the
length of the connecting cables. The measurement electronic developed by GO-Messtechnik
calculates the resistance from the voltage and current measurement at a rate of 1 Hz and
allows regulation of the temperature with 0.1 ◦C accuracy. The temperature is held at a
constant value by a PI-regulation algorithm which controls the heating power by adjustment
of the voltage.

The two-circuit design on the sensor head is necessary to minimize the energy flux from
the probe holder and connecting wires to the substrate. Due to the physical connection of
the sensor head, conductive cooling creates a constant energy flux which is proportional to
the temperature difference between substrate and holder. This conductive energy flux is
minimized by the compensation area which is kept at a constant temperature equal to the
temperature of the measurement circuit.

Measurement principle

As illustrated above, the sensor head of the active thermal probe is a ceramic substrate which
can be heated by two PT100 circuits on its surface. The basis for the measurement principle
is to keep the substrate temperature at a constant, defined temperature Tset. According to
equation 4.11, this requires the power coming to the substrate and the power leaving the
substrate to be equal:

Pin = Pout ⇐⇒ Jatp,off = Jcont. (4.23)
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Figure 4.10: (a) photograph of the sensor head with clearly visible circuit path made from laser structured
platinum. (b) schematic drawing of the sensor head of the active thermal probe with relevant dimensions
and labeling of relevant parts.

If the ATP is not exposed to any additional energy flux, this balance consists only of the
energy flux from the ohmic heating Jatp,off and the cooling through temperature depen-
dent processes which are summarized according to 4.3.1 in Jcont (radiative, convective and
conductive cooling).

If an additional energy flux Jmeas is added to the substrate, the thermal equilibrium
of the substrate is disturbed which results in an increase of the substrate temperature.
To counteract this, the energy flux from ohmic heating is adjusted by the measurement
electronics to a new value Jatp,on. As visible in figure 4.11, this value is regulated by a
PI-algorithm, in such a way that the energy flux is balanced again:

Jatp,on = Jcont + Jmeas. (4.24)

Under the assumption, that the energy flux Jcont is equal for both situations, equation 4.23
and 4.24 can be combined to obtain a relation for the sought-after additional energy flux:

Jmeas = Jatp,off − Jatp,on. (4.25)

The power from ohmic heating Patp is simply defined as the product of voltage U and current
I through the PT100 element, accordingly the corresponding energy flux is:

Jatp =
Patp(Ts)

As
=
UI

As
. (4.26)

Patp(Ts) is directly detected by the electronics and is used as the primary measurement value.
Thus, the measured energy flux can simply be obtained from the difference in power ∆Patp
between the situation with and without additional energy flux:

Jmeas =
Patp,off − Patp,on

As
=

∆Patp
As

. (4.27)
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Figure 4.11: Typical measurement data from the active thermal probe acquired in an ion-beam experiment
with 700 eV anode current and 60 % pulse width modulation. The differential measurement and evaluation
method is exemplified for two measurement points. The values for ∆Patp are obtained as the difference of
the linear extrapolation of the power evolution at the switching time. For some of the fit areas a positive or
negative drift is visible as the linear fit has a slope unequal to zero.

Methods of evaluation

According to equation 4.27, the energy flux impinging on the probe sensor can be directly
obtained from the differences of heating power between a reference measurement and a
measurement with additional energy flux. Depending on the time difference between the
two measurements, the determined value for the energy flux can differ significantly due to
changes in the contributions which are included. If the reference measurement Patp,off was
performed e.g. with cold chamber walls and Patp,on was acquired at a later point where
the chamber walls were already at a new equilibrium temperature, the resulting energy flux
will appear smaller as a result of the change in radiative energy flux. In principle, such a
deviation could be compensated if the temperature of the surrounding is constantly recorded.
However, since this is not very practical and in most cases even not possible, the slow changes
in the continuous contribution Jcont can result in systematic errors in the measurement. In
the next paragraph a method is presented which allows to effectively minimize this error by a
differential measurement and evaluation. In cases of very stable systems or negligible energy
exchange with the probe environment, these systematic errors disappear and a continuous
measurement can be employed as described in the second paragraph of this section.

Differential evaluation requires switching of the power source for every measurement
point. Similar to the kink method of the PTP, only a very short time period is used for
the actual evaluation so that the assumption of equal continuous contribution Jcont applies
for both situations. In the example above, this would mean that the wall is still at the
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same temperature for the determination of the measurement power Patp,on, as it was for the
determination of the reference power Patp,off . The determined energy flux only contains the
changes in energy flux between the two situations and thus, the continuous contribution and
the associated error is eliminated.

As it can be seen from figure 4.11, the slow change in Jcont appears directly in the mea-
surement data as a small negative drift for Patp,on and a small positive drift for Patp,off . Due
to the heat capacity of the probe, the minimal regulation time for adjusting the power is
limited to about 60 s and thus, it is not possible to directly obtain the correct values for
Patp,on and Patp,off from the measurement data. However, this limitation can be overcome
by linear fitting of the data at equilibrium condition and extrapolation into the region of
regulation. Since any change of Jcont happens on a comparatively long time scale, the result-
ing change of the heating power of the substrate can be approximated by a linear function.
To compensate for the systematic change of Jcont the two heating powers Patp,on and Patp,off
are obtained from the values of the linear fits at the time of exposure to the energy flux,
allowing a comparison for the same values of Jcont.

The basic steps for obtaining the correct ∆Patp are thus the following:

I. Record reference with no additional energy flux for sufficient time to be sure that the
probe is in equilibrium; the power must be constant or only change slowly.

II. After the probe is exposed to the additional energy flux, wait for the regulation to
adjust the power to a new equilibrium - again, the power must be constant or only
change slowly.

III. Linearly fit the constant regions of the reference power and measurement power.

IV. Obtain ∆Patp from the difference of the function values of the linear fits at the time of
exposure to the additional energy flux.

Continuous evaluation is based on the same principle as the differential method, how-
ever, here, any drifts due to slow-changing contributions are mostly neglected. Accordingly,
this technique should only be utilized in very stable environments (big chambers, cooled sys-
tems etc.), or in cases where the accuracy of the result is of secondary importance. However,
if those conditions are met, this technique has the clear advantage of the reduction of mea-
surement time by 50-90% as compared to the differential method. In figure 4.12 an exemplary
measurement from an RF plasma is shown to illustrate the method. As illustrated in figure
4.12a, the principle steps for a parameter variation measured with continuous evaluation are
the following:

I. record reference with no additional energy flux for sufficient time to be sure that the
probe is in equilibrium, the power must be constant or only change slowly

II. expose probe to energy flux and wait for the regulation to adjust to a new equilibrium

III. change investigated parameter to new value, wait for the probe to adjust to new equi-
librium

IV. repeat step III for all investigated settings
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Figure 4.12: Exemplary measurement data from a continuous measurement for variation of the RF power
in a capacitive coupled argon RF discharge. In (a) the raw measurement signal is displayed along with the
fit of the reference power (blue line) and the red areas which were used for building the respective differences
∆P for the different RF powers. In (b) the resulting energy flux obtained from the evaluation of the data
in (a) is shown as a function of the RF power and the relative time.

V. finish the measurement with another reference measurement

With this technique, the reference power is calculated from a linear fit of the reference data
recorded at the beginning and the end of the measurement. Patp,on is obtained as the average
of the power recorded at equilibrium for each setting and ∆Patp can then be obtained as the
difference to the value of the reference function at the corresponding time.

In many cases, a sufficient reduction of the step width of the varied parameter allows to
decrease the necessary change in the heating power to such a point, that the temperature
regulation is fast enough to keep the probe in equilibrium at all times. This results in a
truly continuous measurement with increased detail and in most cases no sacrifice of overall
measurement speed. However, as with any version of the continuous method, it is advisable
to measure every setting twice at different times to be sure, that no systematic errors due
to changes in Jcont falsify the measurement.
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4.3.4 Comparison of the PTP and the ATP

Both calorimetric probes used in this thesis have certain advantages and limitations, which
make them more or less suitable for the application in certain systems. The following points
give a short summary of the most relevant features which differentiate the two probes from
each other.

PTP ATP

+ flexible design, easily adjusted to dif-
ferent systems and specifications

+ simple in-house manufacturing

+ measures wide range of energy flux not
limited by probe design

+ dT-curve provides additional detail

+ simple biasing and current measure-
ment

+ no calibration required

+ in-situ measurement possible with con-
tinuous measurement

+ no switching of the power source nec-
essary with continuous measurement

In general, the PTP’s biggest advantage is its versatility and its robustness in terms of
electronics and hardware. Although, in most situations both probes could be utilized, the
more difficult handling of the ATP only makes it preferential in environments such as ion
beams where the continuous measurement method can be used.

66



5 Optimization and calibration of the Passive Thermal Probe 67

5 Optimization and calibration of the
Passive Thermal Probe

As a part of this dissertation, a revised version of the passive thermal probe was developed
in close collaboration with Fabian Haase, a fellow PhD student in our working group. The
starting point for the redesign was the PTP introduced in section 4.3.2 which we have both
used for the majority of our measurements. This version was developed in 2010 and was
optimized for minimal changes of the temperature of the shielding. This was necessary to
allow reliable exponential evaluation which was required due to slow acquisition speed and
relatively big noise in the temperature. The introduction of an improved acquisition software
allowed much faster and more precise measurements, which also allowed the utilization of a
different evaluation method - the kink method. The associated, altered requirements together
with a better understanding of error sources in the calibration process and the experience
gained from working with the original probe allowed us to develop a new and improved
version of the passive thermal probe.

5.1 Calibration - determination of the heat capacity

As pointed out in section 4.3.2, the heat capacity plays a central role for measurement with
the passive thermal probe. Since the measured energy flux is directly proportional to the
heat capacity of the probe Cs (equation 4.16), it is always necessary to accurately determine
Cs before being able to obtain absolute measurement results. In principle the heat capacity
could be easily calculated from the specific heat capacity (copper: 0.385 J/(gK)) and the
mass of the dummy substrate. This would result in heat capacities of 0.0229 J/K and 0.0759
J/K for a circular dummy substrate of 70 µm thickness with 11 mm and 20 mm diameter,
respectively. Since the temperature is determined at the junction between thermocouple
and copper plate, the relevant heat capacity for measurement with the PTP is given by the
volume of material around the junction which changes its temperature at the same rate as
the temperature of the junction itself. Accordingly, the heat capacity is majorly made up
of the mass of the platelet and to a lesser amount of the connected wires (see figure 5.1).
Due to the unknown contribution from the wires and due to eventual errors in the material
properties or probe dimensions, it is necessary to calibrate the heat capacity experimentally.
Additional to this initial calibration, in environments where coating or sputtering of the
probe surface can be expected, further calibration after the measurement are necessary to
take into account eventual changes of the heat capacity.

In the first two parts of this section, two proven methods for calibration of the PTP are
described. The first method, the calibration with an electron beam, can be described as a
primary method as it allows the determination of the heat capacity directly from a power
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Figure 5.1: Comsol simulation of the temperature gradient in the dummy substrate of the PTP and the
connected wires for a temperature difference of 1 ◦C between upper surface of the platelet and lower surface
of the wires. It is clearly visible that, while the platelet itself is in thermal equilibrium, a relatively strong
gradient is found in the wires.

source of known energy flux. The second method, where an ion beam is used as the power
source, can be understood as a secondary method as it relies on a calibrated reference probe
and, thus, gives less accurate results. Due to the higher uncertainty associated with the
secondary method, it is always preferable to calibrate with the more direct electron beam
calibration. However, in some cases like with a non-conductive coating on the probe surface,
the secondary method provides a versatile alternative.

In the third part of this section, an experimental approach for calibration based on the
equilibrium evaluation method introduced in section 4.3.2 is presented.

5.1.1 Calibration with an electron beam

The most common method for determination of the heat capacity for a calorimetric probe
is by evaluation of the temperature derivative of the probe for exposure to a known energy
flux Pin. According to equation 4.14, Cs can then be determined according to

Cs =
Pin

Ṫh − Ṫc
. (5.1)

In principle, the known energy flux could be supplied by different sources like laser light or
plasma electrons [74, 87, 88]. However, for these methods the determination of Pin involves
many uncertainties and requires the experimental determination of other parameters, which
decreases the accuracy of the result. By using an electron beam in a specially developed
calibration experiment, many of the experimental uncertainties can be avoided and Pin can
be directly determined from simple voltage and current measurement.

Experimental setup

For the determination of the heat capacity with an electron beam, the known energy flux
is supplied by collision-free electrons generated and accelerated in a specially developed
calibration experiment shown in figure 5.2 [82]. In comparison to the other power sources,
many difficulties which arise from effects like secondary electron emission, non-trivial energy
distribution functions or changes in reflectivity are avoided. In this system the electrons are
emitted from a heated tungsten wire by thermionic emission described by Richardson’s law.
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The wire is heated by a current of Ih ≈ 1.3 A generated by a voltage of Uh ≈ 8 V across
the wire. To avoid accumulation of electrons in front of the wire, it is negatively biased
with typically Uw ≈ −70 V. The free electrons are accelerated onto the probe surface due
to the potential difference created by the bias voltage Us applied to the dummy substrate.
The relevant voltage for calculation of the energy of the accelerated electrons can then be
calculated from the contribution of the biased tungsten wire, the probe voltage and the
average potential across the wire:

Ucalib =

(
Us − Uw +

Uh
2

)
± Uh

2
. (5.2)

Us and the electrical current Is arriving at the probe are measured with digital multimeters
and from these values the electrical power onto the PTP can be calculated to be

Pel = Is · (Ucalib + Φwf ). (5.3)

Here Φwf is the energy associated with the work function of the electrons which is released as
the electrons become part of the solid, see section 2.2.3. Collisions between electrons and the
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Figure 5.2: Schematic drawing of the calibration experiment for determination of the heat capacity utilizing
collision-free electrons. The electrons are emitted by a glowing wire according to Richardson’s law and are
then accelerated by the potential difference between wire and probe. It is important, that the current is
measured ’after’ the voltage since the current going through the measurement resistor of the voltage meter
can be in the same range as the measurement current Is.

background gas can lead to ionization of the gas and deviation in the electron energy which
could falsify the result. To minimize these erroneous effects, the chamber is evacuated to a
pressure below 1 · 10−4 Pa. Assuming a maximal collision cross section, such low pressures
would result in mean free path length for a collision between an electron and a nitrogen
molecule of more than 100 m which is much larger than the chamber dimension [89].

Limitations and resulting design rules

The main assumption to allow direct calculation of the energy flux from the current and
voltage measurement as shown above, is that all electrons arrive with the same energy at
the probe defined by Ucalib. To achieve this, the electron beam needs to be collisionless
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and additionally a well-defined, time independent electrical field between wire and probe
substrate is mandatory. While the first requirement is easily fulfilled by pumping the chamber
to a very low pressure, the second requirement creates some restrictions for the probe design.
The obvious restriction is that dielectric probes can not be calibrated with this method.
However, the requirements regarding the electric field also mean that any dielectric materials
in the close vicinity of the probe should be avoided. The reason for this is, that electrons can
accumulate on the surface of these dielectric materials much like on a capacitor and, thus, not
only change the electric field as a function of time, but also contribute to the electric current
when they jump from, or flow over the dielectric surface to the probe surface. Since in this
case, the electrons arrive with an energy much smaller than eUcalib, the energy flux calculated
from the measurement of voltage and current would overestimate the actual energy flux and,
thus, the obtained heat capacity would be too high. In figure 5.3a the resulting effect on the
probe current is illustrated with two exemplary measurements recorded in the electron beam
calibration experiment. For the blue curve, an optimized probe with no dielectric material
exposed to the beam was used and for the red curve, a ceramic block has been positioned
in the close vicinity of the probe. The charging of the ceramic is clearly visible as a slowly
increasing current throughout the measurement. Additional to the falsified energy of the
impinging electrons, the changing current also generates a constantly changing energy flux,
which results in erroneous determination of Ṫh− Ṫc. The systematic error created from these
two effects combined, can easily result in an overestimation of the heat capacity by 100%.
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Figure 5.3: (a) typical current curves for the electron beam calibration experiment. The blue curve
is recorded for a probe with no dielectric material in the probe vicinity, the red curve is recorded for a
calibration where a ceramic block is positioned close to the probe substrate. (b) photograph of an improvised
version of a calibration hood which completely covers the ceramic parts of the probe, leaving only the copper
measurement disc exposed to the electron beam.

A practical solution to the difficulties associated with surface charges on dielectric mate-
rials, is to use a calibration hood. In figure 5.3b, an improvised version of such a hood used
to cover the ceramic parts of a thermal probe designed for high energy flux at atmospheric
pressure, is shown. By masking the complete ceramic material with a grounded shield,
the electrons are effectively hindered to arrive at the ceramic surface and accordingly, the
associated erroneous effects are eliminated.
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Calibration procedure

According to equations 5.1 and 5.3, the relation between the electrical power and the differ-
ence in temperature derivatives in this calibration experiment is given by

Pel = Cs · (Ṫh − Ṫc). (5.4)

To eliminate any constant offsets in Pel and to reveal erroneous influences, the probe is
successively exposed to different electrical powers by varying the probe bias from typically
Us = 700 − 1000 V. The heat capacity can then be obtained from the slope of the linear
relation between Pel and Ṫh − Ṫc. In figure 5.4 this procedure is illustrated for a typical
calibration run. The seven heating curves recorded for different Pel are evaluated to obtain
Ṫh − Ṫc and the heat capacity is then obtained from the linear fit to the obtained data
points. In section 4.3.2 it was argued that the kink method usually gives the best results

Figure 5.4: Determination of the heat capacity illustrated for a typical calibration run. The difference
in temperature derivative is obtained with the exponential method (4.3.2) from the recorded temperature
curves for different electrical powers. The heat capacity is obtained as the slope of the linear relation between
Pel and Ṫh − Ṫc.

for evaluation of the temperature curves. However, in this calibration experiment Ṫh− Ṫc is
obtained using the exponential method. The reason for this is mainly, that due to limitations
of the power supply used to bias the probe, the electrical power Pel can not be switched
instantaneously. Additionally, the low acquisition frequency of the voltage- and ampere-
meter do not allow a reliable determination of Pel over a short time period. The advantages
associated with the kink method can thus not be exploited here and therefore the exponential
method allows more accurate evaluation.

To obtain a better statistic, each probe is usually calibrated over a period of more than
12 hours, resulting in a minimum of 18 calibration runs.

Estimation of the error in the heat capacity

To give more quality to the absolute energy flux measurements obtained with the PTP,
it is important to have an accurate estimation of the error in these measurements. While
this can be very complex and very much dependent on the investigated system, any error

71



72 5.1 Calibration - determination of the heat capacity

associated with the system will - according to equation 4.16 - always scale with the error in
the heat capacity. Thus, it is necessary to obtain a realistic estimation of the error in the
heat capacity as obtained with this calibration experiment.

According to equation 5.4 and the error propagation law, the error in the heat capacity
∆Cs is made up of the error in electrical power ∆Pel and the error in difference of time
derivatives ∆(Ṫh − Ṫc):

∆Cs = (Ṫh − Ṫc) ·∆Pel + Pel ·∆(Ṫh − Ṫc). (5.5)

∆Pel can be directly obtained from the accuracy of the digital multimeters. The utilized
model ’UT61C’ from manufacturer UNI-T is specified to have an accuracy of 0.5 % for
voltages up to 600 V and 1 % for voltages above that as well as for the current measurement.
Thus, the resulting error for the electrical power is 1.5 or 2 % depending on the utilized
voltage range [90].

(a) (b)

Figure 5.5: Exemplary calibration data obtained for high energy flux (a) and low energy flux (b). The
upper figures show the dT-curves with linear fits and marked areas used for evaluation (red for heating and
blue for cooling). The lower figures display the deviation from the average difference between the blue and
red data points in the upper figures. To allow for better comparison between case (a) and (b), the deviation
is given relative to the average difference as a percentage. The standard deviation to this data is marked in
blue.

The determination of the error in Ṫh − Ṫc is more complicated as this error is majorly
originating from the evaluation method. As described in chapter 4.3.2, in the case of solely
conductive losses, the heating and cooling of the probe can be described by a simple expo-
nential function which results in two parallel linear functions in the dT-curve. The deviation
from this assumed behavior is the biggest source of error for the determination of Ṫh − Ṫc
and is, thus, used to calculate the corresponding error. This error is obtained by calculating
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5.1 Calibration - determination of the heat capacity 73

the difference Ṫh − Ṫc for every data point in the evaluated temperature region. Since this
theoretically should result in the same value for every data point, the standard deviation of
the calculated values can be used as the error for Ṫh − Ṫc. In figure 5.5, the procedure is
illustrated for two example calibration curves with very high energy flux (a) and very low
energy flux (b). For the case of high energy flux, the heating of the probe housing and the
connection wires becomes visible as a clear deviation from the linear shape in the dT-curve.
This can lead to a systematic error as visible in the lower figure of 5.5a. For the curve in
5.5b on the opposite, the systematic error disappears in the more pronounced statistic error
created by the noise in the temperature acquisition. Comparing the relative magnitude of
the error, it becomes clear, that the case of high energy flux creates a smaller relative error
and should thus also create more accurate results. However, due to the systematic nature
of this error it can result in systematically wrong results which appear to have small er-
rors. Thus, for a reliable determination, a compromise between the two extreme conditions
presented in figure 5.5 should be chosen: The energy flux should be adjusted, so that the
dT-curve is well outside of the statistic domain, while keeping the energy low enough so
that the probe housing is not unnecessarily heated. As illustrated in figure 5.4, the heat
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Figure 5.6: Exemplary data from two calibration runs with high energy flux (a) and low energy flux (b).
The heat capacity Cs is determined as the slope of the linear correlation between Pel and Ṫh− Ṫc. The error
in Cs is determined from a linear fit with maximum slope and a linear fit with minimum slope.

capacity is determined relatively as the slope of the linear relation between the measured
electrical power Pel and the difference in derivatives Ṫh − Ṫc determined from the measured
temperature curves. In figure 5.6 the results for Pel and Ṫh − Ṫc are shown for a calibration
run with high energy flux and a calibration run with low energy flux. The data point for the
highest Pel in each (a) and (b) are obtained from the example curves shown in 5.5. To obtain
the error of the heat capacity from the linear fit to the data of Pel and Ṫh − Ṫc, it is not
enough to simply take the error from the linear regression analysis. As described before, the
values for Ṫh− Ṫc can show systematic deviations which change depending on the position of
the evaluated region. Since all curves are evaluated automatically, using the same evaluation
region, this can result in a good linear correlation, which however, gives an erroneous slope.
The automation of the evaluation and the origin of the systematic error also ensures, that
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74 5.1 Calibration - determination of the heat capacity

the values for Ṫh − Ṫc can only be erroneous in the same way. This means, that in the case
of an error, all calculated values will either be too high or all values will be too low. For this
reason, the error in the slope of the linear correlation can best be estimated from a linear fit
with maximum slope to the data points with maximum negative deviation and from a linear
fit with minimum slope to the data points with maximum positive deviation.

Figure 5.8 shows calibration results for a single probe which has been calibrated 430 times
over a period of several weeks. As depicted in the figure, the calibration parameters have
intentionally been varied up to extreme values to illustrate the robustness of the method and
allow an assessment of the errors calculated according to the procedure described above. In
figure 5.7 three examples of the obtained dT-curves from the calibrations shown in figure 5.8
are plotted. One trend that can be observed in figure 5.8 is that the calibration with high
energy flux generally result in a higher heat capacity and that those with very low energy
flux produce a higher variance in the obtained heat capacities. This can be understood from
the examples plotted in figure 5.7. For low energy flux (A) the calculated heat capacity is
more strongly defined by the statistic error in the temperature measurement as well as in
the measurement of current and voltage. For high energy flux on the opposite, the statistic
error is negligible but we observe a strong deviation from the linear shape. This deviation
results in a systematically lower value of the obtained difference in derivatives (due to the
bend in the evaluation region, the curves in the dT-plot are closer together) and therefore
in an apparently smaller heat capacity. The most accurate value for the heat capacity can
be obtained, if the energy flux is high enough, so that statistical errors become small while
keeping it low enough to ensure that the deviation from the linear course in the dT-curve is
kept small. An example curve for this case is given in figure 5.7 C.

While for the extreme calibration parameters, a systematic influence can be detected,
venting of the chamber or a change of the probe geometry from 0◦ to 90◦ (see chapter 5.2)
did not show any effect on the determined heat capacity. It can also be noted that under
no condition, the calibration showed a deviation higher than 10 % from the average value.
Thus, with a reasonable adjustment of the measurement parameters, the error calculated
according to the procedure described above, appears to provide a reliable measure for the
error associated with the determination of the heat capacity with an electron beam.
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Figure 5.7: Temperature curves plotted as dT-curves representing different calibration parameter sets. The
curves correspond to the calibration number 197 (A, low energy flux), 242 (B, high energy flux) and 367
(C, normal energy flux) from figure 5.8.
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76 5.1 Calibration - determination of the heat capacity

5.1.2 Calibration with an ion beam

Analog to the electron beam calibration, a beam of ions with known kinetic energy can be
used to determine the heat capacity of a passive thermal probe. However, to create such a
beam entails much bigger experimental challenges and accordingly also bigger uncertainties.
Additionally, effects like sputtering and secondary electron emission are more pronounced
and could thus further decrease the accuracy.

Ar+, Ar

Ion

Source

p ~ 10-2
 
Pa

reference

probe

investigated

probe

Figure 5.9: Principle sketch for the calibration of the heat capacity using a uniform energy flux supplied
by an ion beam and a reference probe to determine the energy flux. The ion source used for calibration in
this thesis is the model MW 125 manufactured by Ion-Tech R©.
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Figure 5.10: (a) photographs from the ion calibration of a copper probe coated with a layer of black non-
conductive varnish. (b) plot for the evaluation of the ion calibration results and obtained heat capacity Cs.
To allow the determination of Cs from the slope, eight different pulse width modulation settings of the ion
beam were used. The grid and anode voltage were set to 300 V, the probes were positioned at a distance of
30 cm and the chamber pressure was ∼1 · 10−2 Pa.

However, as illustrated in the principle sketch 5.9, the ion-beam can be effectively utilized
as a constant energy source for a secondary calibration method. This method is based on
the comparison of the probe with unknown heat capacity to a reference probe with well-
known heat capacity. Upon parallel exposure of both probes to different energy fluxes, the
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5.1 Calibration - determination of the heat capacity 77

heat capacity of the investigated probe can be easily determined analog to the procedure
for the electron calibration (5.1.1), see figure 5.10. In comparison to the electron beam
calibration where the reference power is calculated directly from the measurement of current
and voltage, here, the reference power is obtained experimentally using the well calibrated
reference PTP.

To allow accurate calibration with this comparative method, it is essential that the energy
flux to both probes is equal. In the case of a broad beam ion source like the MW 125
from Ion-Tech, the energy flux is constant within a radius of 2 cm from the axis even
at a distance of 30 cm from the beam-grid [91]. Additionally the energy flux is majorly
originating from impinging neutrals and ions which has the advantage, that the energy
flux can be approximated to be independent of the probe surface and material. A laser in
comparison would yield a different energy flux for a different reflectivity of the surface and
the calibration with an electron beam has the disadvantage that a an electrically conductive
surface is required. The comparative calibration with an ion beam is thus a versatile method
which is of specific use where the probe surface is coated with a non-conductive layer.

5.1.3 Calibration with equilibrium temperature method

For both calibration methods introduced above, the heat capacity is obtained from compar-
ison of the change in temperature derivative Ṫh − Ṫc to a known energy flux. In the case
of electron beam calibration the value of this energy flux is calculated from the measured
current and voltage and in the case of ion beam calibration it is determined by measurement
with a reference probe. For the calibration method described in this section, the magnitude
of the energy flux is determined through measurement with the equilibrium temperature
method introduced in section 4.3.2. Since it is necessary to know α for this method, the
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Figure 5.11: Calibration of the heat capacity and the conduction coefficient for the same probe, where for
the calibrations left of the dashed line, a metal film covered the probe surface and for the calibrations to the
right of the dashed line, this film delaminated and was removed from the probe. While a clear change in
heat capacity is detected, α does not show any correlation.
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calibration with the equilibrium temperature method is mainly useful as a method for recali-
bration of initially calibrated probes which have been coated with a dielectric film. Although
the non-conductive layer changes the heat capacity of the probe, as can be seen in figure 5.11,
the conduction coefficient α does not change. Applying this assumption, the heat capacity
can then be determined according to the four following steps. First, the probe is exposed to
a constant energy flux of arbitrary quantity in an environment with p << 1 Pa gas pressure,
so that gas cooling can be disregarded. Second, Jin is obtained according to the method
described in the last part of section 4.3.2. Third, the heating curve used to determine Jin is
used to determine Ṫh− Ṫc using either the kink method or the exponential method. Fourth,
the heat capacity is obtained from equation 5.1 as the ratio between JinAs and the difference
in derivatives Ṫh − Ṫc.

5.2 Hardware and software design

As a part of this thesis, the passive thermal probe, the calibration procedure and the asso-
ciated data acquisition software and evaluation algorithms were fundamentally redesigned
and optimized. This process was performed in close collaboration with Fabian Haase, a
fellow PhD student in the working group. In figure 5.12 three assembled probes of the new
’PTP2017’ design with differently coated probe surfaces are shown. The basis for the hard-
ware redesign was the improved acquisition speed and temperature resolution achieved by
the redesign of the acquisition method of the LabVIEWTMdata acquisition software. Build-
ing on this basis, the better understanding of the electron beam calibration method and the
importance of surface charges in this experiment allowed to create a more versatile, robust
and accurate version of the passive thermal probe. In the following two paragraphs, the
essential software improvement and the final result of the hardware redesign will be shortly
described.

11 mm

Figure 5.12: Three assembled probes of the new passive thermal probe design ’PTP2017’. The substrate of
the probe on the left and the right are coated with carbon and aluminum, respectively, while for the middle
one a plain copper substrate is used.
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5.2.1 Software design

At the heart of the PTP electronics is the National Instruments data acquisition card USB-
6009 [92] which is used to measure the amplified voltage initially created by the thermal
junction of the thermocouple. The card can acquire data with a maximum sample rate of
48 kS/s, but since it is connected via USB to the computer, the bottleneck for direct data
acquisition is given by the communication frequency of the USB protocol which is in the
range of only 20 Hz. This limited the temperature acquisition to a maximum of only 20 Hz
in the old version of the acquisition software. However, the acquisition card is also equipped
with an on board memory of 512 Byte which allows to exploit the maximum sample rate of
the card by temporarily saving data on the micro controller before sending it in bundles to the
computer. Based on this method we developed a data acquisition algorithm which utilizes the
maximum sample rate and builds the desired measurement frequency by averaging over the
acquired samples. The basic steps for a measurement frequency of 100 Hz are illustrated in
figure 5.13. Here, the micro controller transfers bundles of 4800 temperature measurements
recorded with 48 kHz to the PC every 100 ms. To scale up the frequency from 10 Hz to
100 Hz, these bundles are divided in 10 equal packets consisting of 480 data points. The
averaged value of each of these packets then results in the desired measurement frequency of
100 Hz. In this way, acquisition rates as high as the maximum rate of the USB-6009 can be
achieved. However, due to the limited heat capacity of the probe, frequencies above 100 Hz
do not create additional information. The main advantage of this method is, that it always
utilizes the maximum sample rate of the card and decreases the statistic error by averaging
the excessive data points.
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Figure 5.13: Illustration of the data acquisition algorithm used for the temperature measurement of the
PTP. For the example of 100 Hz, every final measurement point is the result of the average over 480 single
data points.

5.2.2 Hardware design

The motivation for the hardware redesign was principally given by some shortcomings of the
old design which are listed below.

I. ceramic of housing can create errors in the calibration
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80 5.2 Hardware and software design

II. large probe dimension - high plasma disturbance, low spatial resolution

III. exchange of probe mount requires recalibration

IV. assembly process with low reproducibility

V. short circuit to probe housing for excessive coating with metal

In figure 5.14 a sketch of the newly designed ’PTP2017’ is shown together with a legend
describing the main elements. One fundamental difference of this probe as compared to

sensor head

retainer screw

probe mount

copper platelet

type K + bias wire

ceramic tube

base cylinder (steel)

shield (steel)

Figure 5.14: Color coded CAD drawing of the PTP2017.

the old one is the replacement of ceramic material with stainless steel. In the old design,
ceramic material was chosen due to its low thermal conductivity which was mandatory for
the exponential evaluation method used. As a result of the improved acquisition speed and
the development of a new evaluation method, the low thermal conductivity was not necessary
anymore. The replacement with stainless steel does not only solve the difficulties associated
with surface charges in the calibration, but also allows for more delicate manufacturing. This
last point allowed to adjust the design to be smaller, more easily and reproducibly assembled
and more flexibly incorporated in the experiment. The sensor size was reduced from 20 mm
diameter to 11 mm diameter and accordingly the probe housing dimension was reduced as
well. The limiting factor for the dimension of the probe housing, is the ratio between the heat
capacity of the dummy substrate and the heat capacity of the housing. Since the housing acts
both as a primary partner for conductive cooling and radiation exchange, it is mandatory
that the temperature of the housing changes on a much slower time scale. For the PTP2017,
the housing alone has a heat capacity of 8 J/K, which is 266 times the heat capacity of
the sensor plate. The problem of short circuits which appear after excessive coating in
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metal depositing experiments has been addressed by isolating the dummy substrate from
the housing, using a specially mounted ceramic tube. To prevent coating of the surface of
this tube, it is only directly in contact with the metal at its lower part, while the upper part
is separated from the housing by a thin slit.
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6 Experimental Results

The results discussed and described in this chapter have been obtained in various experiments
and in collaboration with many co-authors and partner institutes. All have in common
the investigation of the energy flux by thermal probe measurements. To know the energy
flux is of key interest for all coating systems, not only to investigate the thermal load on
substrates, but also because it has a direct impact on the growth structure and therefore on
the properties of the film. For other application like ion beams, the energy flux can provide
valuable insights into the geometry and energy of the beam. Through the variety of different
investigated plasma environments, it becomes clear that the energy flux changes strongly as
the different included contributions are more or less clearly pronounced. Furthermore, by
combination with other diagnostics, it is shown that the thermal probe can also be used to
gain insights into less directly related processes such as secondary electron emission.

The results are presented in the form of published (or submitted), peer-reviewed publica-
tions which are ordered according to two criteria: The first two papers both present results
acquired with the active thermal probe, while the last four papers mainly present findings
obtained from measurements with the passive thermal probe. The second criteria is given
by the type of discharge. The first publication focuses on the diagnostics in an ion beam or
ion thruster while the other publications are all performed in systems based on magnetron
sputtering. Here, we start from relatively conventional DCMS systems to the case of high
pressure magnetron sputtering aimed at the formation of nanoparticles and end with the
investigations performed in the exotic combination of HiPIMS and PBII.
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Publication I

An advanced electric propulsion diagnostic (AEPD) platform for in-situ charac-
terization of electric propulsion thrusters and ion beam sources

Authors C. Bundesmann, C. Eichhorn, F. Scholze, D. Spemann, H. Neu-
mann, D. Pagano, S. Scaranzin, F. Scortecci, H.J. Leiter, S. Gauter,
R. Wiese, H. Kersten, K. Holste, P. Köhler, P.J. Klar, S. Mazouffre,
R. Blott, A. Bulit and K. Dannemayer

Journal The European Physical Journal D

Technique Electric propulsion thrusters and ion beam sources

Utilized Probes Advanced electric propulsion diagnostics (AEPD) platform

Own contribution approximately 20%

Experimental Setup:

sensor 

head

Motivation:

This work was performed in collaboration with partners from Italy, France, the United King-
dom, the Netherlands and Germany as part of the ESA/ESTEC project ’Qualification of
the AEPD System as a Standard On-ground Tool for Electric Propulsion Thrusters’. The
objective of this project was to further improve the advanced electric propulsion diagnostic
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(AEPD) platform [93] and to qualify it with different thrusters in different test environ-
ments. The idea of this diagnostic platform is to combine a comprehensive set of diagnostics
consisting of different beam diagnostics and methods to characterize the mechanical state
of the thruster. The platform is designed to be modular and mobile which allows for easy
implementation in different test chambers and characterization of arbitrary ion beams.

Main results:

The publication demonstrates with exemplary measurements from the test-campaigns, that
the optimizations regarding vacuum compatibility and reduction of the interaction between
diagnostics and thruster, successfully improved the measurement performance. A comparison
between the different diagnostic results showed a good agreement. Further, the platform
was found to provide a reliable method for comprehensive in-situ characterization of electric
propulsion thrusters or ion beam sources for material processing.
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Abstract. Experimental characterization is an essential task in development, qualification and optimization
process of electric propulsion thrusters or ion beam sources for material processing, because it can verify
that the thruster or ion beam source fulfills the requested mission or application requirements, and it can
provide parameters for thruster and plasma modeling. Moreover, there is a need for standardizing electric
propulsion thruster diagnostics in order to make characterization results of different thrusters and also
from measurements performed in different vacuum facilities reliable and comparable. Therefore, we have
developed an advanced electric propulsion diagnostic (AEPD) platform, which allows a comprehensive in-
situ characterization of electric propulsion thrusters (or ion beam sources) and could serve as a standard
on-ground tool in the future. The AEPD platform uses a five-axis positioning system and provides the
option to use diagnostic tools for beam characterization (Faraday probe, retarding potential analyzer, ExB
probe, active thermal probe), for optical inspection (telemicroscope, triangular laser head), and for thermal
characterization (pyrometer, thermocamera). Here we describe the capabilities of the diagnostic platform
and provide first experimental results of the characterization of a gridded ion thruster RIT-μX.

1 Introduction

Experimental characterization of electric propulsion (EP)
thrusters or ion beam sources for material processing may
provide important data both to judge their performance
and to achieve a better understanding of physical pro-
cesses in the plume and in the discharge chamber of such
systems. Measurements of plasma parameters and moni-
toring of possible lifetime limiting alteration of the proper-
ties of thruster components, such as, for example, the evo-
lution of the grid hole diameter in gridded ion thrusters,
yield valuable information for the development and val-
idation of numerical tools. Those codes, e.g. aiming at
plasma and ion beam modeling (examples: particle-in-cell
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code XOOPIC for charged particle and plasma simula-
tion [1], IGUN code for simulation of ion trajectories [2])
or thruster lifetime prediction related to the erosion of ion
thruster accelerator grids (example: DynaSim code [3]),
can help to partially circumvent expensive measurement
campaigns with respect to thruster design and perfor-
mance verification.

In this context, several groups have investigated sur-
faces of thruster components e.g. by telemicroscopy or
thermal imaging methods [4–11]. In order to allow for the
in-situ measurement of an extensive set of EP thruster
performance parameters, the advanced electric propulsion
diagnostic (AEPD) platform was designed and built some
years ago [12,13]. The setup was modular and mobile such
that it could be easily adapted to vacuum facilities of dif-
ferent size and experimental needs. Several measurement
devices for particle beam and mechanical part character-
ization were implemented: a Faraday probe for thruster
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plume characterization, an energy-selective mass spec-
trometer to collect energy distribution data, a telemicro-
scope to measure erosion of mechanical parts, a triangular
laser head to monitor the surface profile of selected parts of
interest, and a pyrometer to measure surface temperature
distributions. Most of the sensors consisted of commer-
cially available devices with in-house modifications. Only
the Faraday probe was manufactured completely in-house.
The AEPD platform was tested successfully with two elec-
tric propulsion thrusters: a gridded ion thruster RIT-22
(Airbus Defence & Space, Germany [7,10,12]) and a Hall
effect thruster SPT-100D EM1 (EDB Fakel, Russia [8,12]),
in two different vacuum facilities.

The previous results demonstrated the capabilities of
the first AEPD platform but also some limitations, mainly
related to the design but also to financial needs. There-
fore, a new activity has been started in order to improve
the performance and availability of the diagnostic plat-
form. At present, the activities concentrate on three major
topics: (i) the setup and test of additional or alternative
plasma-diagnostic tools as extension or redesign of AEPD
capabilities, (ii) the implementation of partially new de-
signs of existing sensors in order to reduce the dimen-
sion and, hence, the interaction of diagnostic head and
thruster, (iii) qualification of the diagnostic platform as
standard on-ground tool for EP thruster characterization.

The first aspect deals with the development and in-
tegration of new sensors in the AEPD platform, such as
a retarding potential analyzer, an ExB probe or an ac-
tive thermal probe [13]. The second aspect concerns rather
technical issues, such as modifications related to the vac-
uum compatibility of some diagnostic heads, size reduc-
tion and optimization of the respective sensor housings
and working distance geometries, but also the protection
of the sensor heads from damage due to ion bombard-
ment [14]. The third aspect is not addressed in this paper
but will be the focus of future work, because standard-
ization of EP diagnostics is key issue when promoting
EP technologies.

In this paper, the most recent implementation of the
diagnostic tools is described and first performance charac-
terization results are presented, exemplary, for a gridded
ion thruster RIT-μX (Airbus Defence & Space [15]).

2 Experimental setup

2.1 Positioning system

The AEPD platform (see Fig. 1) consists of a 5-axis posi-
tioning system and several diagnostic tools. The position-
ing system utilizes a modular heavy bar setup, on which
three ultra-high-vacuum-specified (UHV-specified) linear
tables with a traveling range of 700 mm and a traveling
speed of typically 30 mm/s, and two UHV-specified rotary
tables are mounted. The positioning system can be easily
adapted to chambers of different size. Using the linear and
rotary tables, the thruster and the diagnostic heads can
be positioned very precisely relative to each other, and
even 1- and 2-dimensional mappings or angular-dependent

Fig. 1. Drawing of the AEPD platform with modular bar
frame, linear and rotary tables, thruster and a possible con-
figuration of diagnostic tools.

measurements can be performed. The current setup re-
quires a minimum chamber diameter of about 2 m and a
minimum chamber length of about 2.5 m.

At present, the AEPD platform can be equipped with
diagnostic tools for beam characterization (Faraday probe,
retarding potential analyzer, ExB probe, active thermal
probe), optical inspection (telemicroscope, triangular laser
head) and thermal characterization (pyrometer, thermo-
camera). Table 1 lists the available diagnostic tools with
their measurement principle and possible applications.
The main performance parameters of the diagnostic tools
are summarized in Table 2. In the following, the diagnostic
tools including their design are described in more detail.

2.2 Faraday probe

The Faraday probe has been developed in-house [16]. It
uses a graphite ion collector rod, which is embedded in
a ceramic tube surrounded by a thin metal cylinder of
stainless steel with a length of 101 mm and an outer di-
ameter of 6 mm. The ion collecting diameter is as small
as 1.9 mm (area 2.8 mm2) to allow for measurements with
high spatial resolution. The ion collector is connected via a
shielded BNC cable and a customized vacuum feedthrough
to an external board with several high-precision resistors
with different resistance. Thus, a large range of signal am-
plitudes can be covered. Data are recorded using a 12-bit
analogue digital converter. With a sampling rate of up to
20 kHz, maximum ion current densities up to 40 mA/cm2

with a resolution of 0.05 mA/cm2 can be detected.
The Faraday probe is designed as small and compact

as possible in order to minimize the interaction with the
energetic particle beam. Thus, this probe can also be used
to measure the ion current density at a very low distance
to the thruster exit plane, which gives access to deter-
mining the plasma density inside the discharge chamber.
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Table 1. List of diagnostic tools with operation principle and possible measurement applications.

Diagnostic tool Specifications
Faraday probe Current density measurements

Beam profiling
Retarding potential analyzer Electrostatic energy analyzer

Energy distribution measurements of charged particles
ExB probe Ion velocity filter

Velocity distribution measurements of charged particles
Ion species fractions composition

Active thermal probe Energy flux density measurements
Measurement of energy flux density distribution
Detection of divergence and irregularities in the beam profile

Telemicroscope High-resolution optical imaging
Inspection and radial erosion measurements of mechanical parts

Triangular laser head Distance measurements using the triangulation principal
Surface profiling and axial erosion measurements of mechanical parts

Pyrometer Spot measurement of emitted infrared radiation
Surface temperature measurements of mechanical parts

Thermocamera Imaged measurement of emitted infrared radiation
Surface temperature images of mechanical parts

The potential of the measuring area is defined by the po-
tential drop at a resistor, whose resistance is, typically,
selected such that the potential drop is smaller than 1 V,
i.e. it is negligibly small with respect to the beam voltage.
The direct calibration of the Faraday probe is not possi-
ble because there is no ion current standard. Therefore,
the Faraday probe calibration is performed by precisely
measuring the resistance and probe area.

2.3 Retarding potential analyzer

The retarding potential analyzer was also developed in-
house with the goal to make it as small as possible while
keeping the performance (signal-to-noise ratio) sufficiently
high. Therefore, a two-grid design with 149 holes has been
chosen. The device consists of two grids and an ion collec-
tor. The first grid is used for focusing the ion trajectories,
the second grid for repelling secondary electrons. The ion
collector is used for measuring the ion current and for re-
pelling the ions by applying a repelling voltage Ur. The
holes of the first grid have a diameter of 0.4 mm. The first
grid could also be used for measuring the ion current den-
sity. The measurement area is 24 × 24 mm2. The ion col-
lector has cup-shaped cavities, one for each of the 149 ion
channels. The repelling voltage can be varied between 0 V
and 3000 V with an accuracy better than 0.05%. The col-
lected ion current is transformed by a high-precision re-
sistor into a voltage drop, which is measured by a 14-bit
AD converter.

The diameter of the grid holes is chosen such that it
is close to the Debye length λD. The Debye length of a
plasma can be calculated by the following equation:

λD =

√
ε0 k Te

ne e2
(1)

and the continuum equation:

j = q0 ne v (2)

ε0, k, Te, ne, and e are vacuum permittivity, Boltzmann
constant, electron temperature, electron density, and ele-
mentary charge, respectively. j, q0 and v are current den-
sity, charge and velocity of the ions. Hence, the Debye
length depends on current density and ion velocity (or ion
energy). In the regime of interest, i.e. for current densi-
ties between 1 mA/cm2 and 10 mA/cm2, and ion energies
between 100 eV and 2000 eV, the Debye length varies be-
tween 0.2 mm and 0.6 mm.

The retarding potential analyzer measures the cur-
rent Ic at the collector as a function of the repelling volt-
age Ur. The energy distribution f(E) is than calculated by:

f(E) ∝ − dIc

dUr
(3)

The maximum of the energy distribution would be a mea-
sure for the ion current density. However, quantifying the
current density using the current at the collector is im-
possible, because the transmission of the ions through the
grids must not be 100%. Therefore, the energy distribu-
tion is normalized to its maximum.

The ion energy distribution is measured with respect to
the ground of the vacuum chamber. The ground of the ion
thruster and its components is not connected to the vac-
uum chamber ground. The difference is called secondary
star ground (SSG) potential. The SSG potential is nega-
tive with respect to the ground of the vacuum chamber
and depends on the operation conditions of the thruster.

2.4 ExB probe

The ExB probe exploits the action of a magnetic (B) and
an electric field (E) to select ions on the basis of their ve-
locity vi: only ions whose velocity satisfies the Wien condi-
tion (Eq. (4)) are able to pass through the filter and thus
being detected [17]. d is the distance between the fixed
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Table 2. Summary of selected specifications and performance parameters of the diagnostic tools.

Diagnostic tool Parameters
Faraday probe Sensor area diameter: 1.9 mm

Measurement range: up to 40 mA/cm2

Accuracy: <0.01 mA/cm2 (depends on dynamic range)
Outer dimension: 101 mm (length), 6 mm (diameter)

Retarding potential analyzer Number / diameter of holes: 149 / 1.8 mm
Measurement range: 0 eV−3000 eV
Accuracy: <5 eV
Dimension (including housing): 40 × 47 × 84 mm3

ExB probe Entrance orifice diameter: 1.6 mm
Entrance collimator length: 90 mm
Wien filter length: 150 mm
Resolution: 1000 m/s
Velocity range: up to 100 000 m/s
Dimension: 50 × 50 × 280 mm3

Active thermal probe Measurement range: 1 × 10−3 W/cm2−4 W/cm2

Sensitivity: ±1 × 10−3 W/cm2

Sensor dimension: 7 × 10 × 0.3 mm3

Telemicroscope Focal length / extension tube length*: 50 mm/40 mm
Image size/working distance: 8.75 × 6.56 mm2/112.5 mm
Resolution*: 1600 × 1200 pixel
Radial accuracy: <0.01 mm
Depth of field: ±0.5 mm
Dimension (including housing): 60 × 70 × 210 mm3

Triangular laser head Spot size*: <0.2 mm (at a working distance of 150 mm)
Distance range*: 110 mm−190 mm
Repeatability*: <0.001 mm
Distance resolution: <0.01 mm
Dimension (including housing): 95 × 47 × 127 mm3

Pyrometer Spectral range*: 2.3 μm
Spot size*: 1.5 mm (at the focal distance of 110 mm)
Temperature range/resolution*: 150 ◦C−1000 ◦C/0.1◦C
System accuracy*: 0.3% of reading +2 ◦C
Repeatability*: 0.1% of reading +1 ◦C
Dimension (including housing): 25 × 30 × 47 mm3

Thermocamera Spectral range*: 7.5 μm−13 μm
Image size*: ∼0.05 m × 0.07 m (at a distance of 500 mm)
Resolution*: 160 × 120 pixel
Lateral resolution*: 1.5 mm (at a distance of 500 mm)
Temperature range/resolution*: 0 ◦C−900 ◦C/0.1 ◦C
System accuracy*: 2% of reading or 2 ◦C
Dimension (including housing): 56 × 60 × 143 mm3

*Numbers specified by the manufacturer.

electrodes, where the electric field is created:

vi =
E

B
=

Vprobe

Bd
. (4)

Because the velocity is a function of charge state zi,
mass mi and ion energy Eion,i, different ion species can
be separated. Equation (5) expresses the electrodes volt-
age difference associated with each peak in the spectrum:
On one hand a constant magnetic field is used to deflect
trajectories of the ions, on the other hand a variable elec-
tric field acts for compensating the magnetic force, which
allows ions with different velocity to be detected as a func-
tion of the voltage applied to electrodes. The retarding
potential analyzer measures the current Ic at the collector

in dependence on a repelling voltage Ur, which gives di-
rect access to the energy distribution of energetic ions. In
contrast to that, the voltage range to be scanned with the
ExB probe depends also on the constructive parameters of
the probe (magnetic field intensity, electrodes separation).
These constructive parameters affect the performances of
the probe in terms of resolution. The probe detector is
simply constituted by the collector of a Faraday cup:

Vprobe = Bd

√
2ziEion,i

mi
. (5)

The main aim was to develop a probe, which is able to put
together high performances with low invasiveness. These
aspects can be considered conflicting because an increase
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of the probe resolution can be determined by an increase of
the magnetic field, and an increase of the magnetic field
is usually associated with larger magnets. This problem
was overcome by exploiting a particular magnetic config-
uration known as Stelter dipole [18] allowing a significant
increase of the magnetic field with respect to a traditional
dipole with the same overall dimension. In particular, a
maximum field of 0.54 T has been obtained for a probe
having a 50 × 50 mm2 section.

Another important aspect taken into account in the
probe design concerns the topology of the magnetic and
electric fields at the entrance and the exit of the probe.
The different decaying behavior of the fields makes the
probe not ideal, thus the Wien condition is no more sat-
isfied in these regions. To overcome this problem the elec-
trodes shape has been optimized in order to make the elec-
tric fringing field matching the magnetic one. The spatial
resolution of the probe is determined by two collimators at
the entrance and exit of the probe selecting ions traveling
along a well-defined direction. A modular design approach
has been implemented allowing to easily change the colli-
mator length and the orifice diameter.

The probe is mainly used to determine the plasma
composition in terms of ion species fraction because of the
dependence of the ion velocity on the charge state. Assum-
ing that all ion species are subject to the same accelerating
voltage, the separation between the peaks position will be
given by

√
zi/mi. The area under each peak yields the

current carried by each ion species. Therefore, the ratio
between this area and the area under the overall spec-
trum provides the current fraction (neglecting secondary
emission effects). On the other hand the position of each
peak is connected with the ion velocity through the con-
structive parameters of the probe: in particular the ion
velocity distribution function for each ion species could
be determined. This application requires a calibration of
the probe providing a correction factor to be applied to
the measured ion velocity to obtain the real one.

2.5 Active thermal probe

The active thermal probe (see Fig. 2) was developed as a
flexible diagnostic for the measurement of energy flux. For
the use as a diagnostic tool for beam characterization as a
part of the AEPD platform, it has been further improved
and characterized especially regarding it’s sensitivity to-
wards parasite heat sources.

The physical principle of the measurement method of
the active thermal probe is based on the compensation of
the incoming energy by decreasing the heating power of a
preheated probe. The probe consists of a ceramic dummy-
substrate (see Fig. 2a), which is electrically heated to a
given set-point temperature. If the probe is exposed to an
external energy flux (e.g. by the ion beam) the additional
heating of the probe is compensated by a reduction of the
electrical heating power, resulting in a constant tempera-
ture of the probe. The power of the external energy source
is then directly given by the difference in the electrical
heating power. In contrast to the other probes, the ATP

Fig. 2. Active thermal probe: sensor area (a), full image (b)
and connector (c).

�

Distance
Laser head

Test object

Distance

Laser beam

Fig. 3. Measurement principle of the triangular laser head
(triangulation effect).

measures both the contribution of charged and neutral
particles. A much more detailed description of the work-
ing principle of the active thermal probe can be found in
references [19–21].

2.6 Telemicroscope and triangular laser head

The telemicroscope is a high-resolution optical camera,
which can be used to measure radial (and axial) erosion of
mechanical parts. It consists of a CCD camera, an exten-
sion tube and a photographic lens. By placing the exten-
sion tube between camera and lens, the radial resolution
and depth of field is reduced considerably (lateral resolu-
tion from formerly 0.15 mm to 0.01 mm; depth of field
from formerly 60 mm to 0.5 mm).

The triangular laser head measures the distance to a
test object utilizing the triangulation principle, i.e. the
fact that the detection angle α depends on the distance
between triangular laser head and test object (see Fig. 3).
When scanning across the test object, the surface profile
can be measured, which gives access to axial (and radial)
erosion.

Telemicroscope (The Imaging Source DFK 51AU02)
and triangular laser head (Keyence LK-G152) are com-
mercial devices. The triangular laser head is the same one
that was used with the previous setup [12]. The telemi-
croscope has changed slightly with the goal to reduce
the overall dimension. Now a smaller lens and a cam-
era with a higher resolution is used. Triangular laser head
and telemicroscope are operated inside vacuum. There-
fore, some vacuum-sensitive electronic parts (capacitors)
had to be replaced. For safety reasons the devices are cov-
ered by a small housing each. The overall dimensions could
be reduced considerably compared to the previous setup
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Fig. 4. Telemicroscope with housing (without metal cover).

with vacuum-sealed housings [12]. The new housings con-
sist of a metal base plate, a front plate made of graphite
with sapphire window(s) and a metal cover. The window
protects the optics from direct particle impingement. Ad-
ditionally, the telemicroscope housing is equipped with
four high-power LEDs for illumination. Figure 4 shows,
exemplary, the housing of the telemicroscope.

2.7 Pyrometer and thermocamera

Pyrometer and thermocamera measure the surface tem-
perature of a test object upon detection of the emitted
infrared radiation. The physical principles are described
by Planck’s law:

B(T, ε, λ) = εt
2hc2

λ5

1

exp
(

hc
λkT

)
− 1

(6)

i.e. the intensity of the emitted infrared radiation B de-
pends on the object temperature T , the emissivity ε of
the object material, the wavelength λ and, if needed, the
transmission t of a window between test object and py-
rometer/thermocamera. h, c and k are Planck constant,
speed of light and Boltzmann constant, respectively.

When measuring the temperature, the properties of
the test object, i.e. the emissivity of the material of inter-
est, and of the setup, i.e. window effects, must be known.
Emissivity (graphite of grid area: ε = 0.97) and trans-
mission of the windows (sapphire window for pyrometer:
t = 0.85; ZnS window for thermocamera: t = 0.75) were
measured in the spectral region of interest.

Pyrometer (Optris CT 3M) and thermocamera (Op-
tris PI) are commercial devices. Unlike the previous set-
up [10,12], which contained only a pyrometer, the actual
platform uses a pyrometer of different type and addition-
ally a thermocamera. Both devices were chosen because of
their small size, which reduces possible interactions with
the energetic particle beam. Pyrometer and thermocam-
era are operated inside vacuum. Therefore, some vacuum-
sensitive electronic parts (capacitors) had to be replaced
or removed (liquid crystal display). Both diagnostic heads

Fig. 5. Pyrometer sensor head with housing.

Table 3. Summary of operation parameters of the RIT-μX at
operation point 1 (OP1) and 2 (OP2).

Parameter OP1 OP2
Beam Voltage 1050 V 1700 V
Beam Current 4 mA 8 mA

Accelerator voltage –200 V –250 V
Nominal thrust 210 μN 540 μN

are placed inside metal housings with appropriate win-
dows (pyrometer: sapphire window; thermocamera: ZnS
window) for safety reasons [14]. The housing of the pyrom-
eter is shown in Figure 5, the housing of the thermocamera
is similar to that of the telemicroscope in Figure 4.

Operating the diagnostic heads inside vacuum has the
advantage that they can be brought closer to the test
object. A smaller working distance results in a better
lateral resolution, which is especially favorable for the
thermocamera.

2.8 Thruster

A gridded ion thruster RIT-μX [15] was used for the test
measurements. Radio-frequency ion thrusters (RITs) gen-
erate thrust in two steps: in the first step the propellant
is ionized in the oscillating electromagnetic field of a coil
(plasma). Once ionized, the propellant is accelerated in
the electrostatic field of the thruster’s second functional
unit called the grid system.

The ionization chamber of the RIT-μX has an inner
diameter of 4 cm at the interface to the grid system and
a length of 3 cm. Its inductively coupled plasma is op-
erated with a frequency of 2.5 MHz. The experiments
were performed using the standard propellant xenon. The
RIT-μX can be equipped with different sets of grids op-
timized for specific mission requirements. During the re-
ported tests a configuration with 37 extraction channels
was used. It is designed for extraction voltages in the
range from 600 V to 2200 V and nominal ion currents
between 1 mA and 10 mA. The thruster was operated
here at two operation points as summarized in Table 3.
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Fig. 6. Current density maps of the RIT-μX at OP1 (a) and
OP2 (b) measured with the Faraday probe at a distance of
120 mm to the exit plane of the thruster.

2.9 Test chamber

The tests were performed in the Jumbo test facility [22].
The tank is of cylindrical shape with a diameter of 2.6 m,
a length of 6 m and a volume of 30 m3. It is equipped
with turbo and cryo pumps with a total pumping speed
of 120 000 L/s for nitrogen or 65.000 L/s for xenon. The
base pressure is about 1 × 10−7 mbar.

3 Results

3.1 Faraday probe

Selected current density maps of the thruster at the two
operation points are plotted in Figure 6. As expected, ro-
tationally symmetric, Gaussian shaped beam profiles can
be seen with a higher maximum current density at oper-
ation point 2 (jmax = 0.52 mA/cm2) than at operation
point 1 (jmax = 0.18 mA/cm2). This is related to the
higher beam voltage at operation point 2. The full width
at half maximum of the beam profiles is 48.0 mm for OP1
and 40.8 mm for OP2.

3.2 Retarding potential analyzer

Measurements with the retarding potential analyzer were
performed for both operation points, too. Figure 7 shows
the measured current curves and the calculated, normal-
ized energy distributions. Both curves are corrected for
the SSG potential USSG. The energy distributions reveal
a single peak with a position slightly higher than the corre-
sponding beam voltage (1078 V for OP1; 1716 V for OP2).

·

Fig. 7. Current Ic measured with the retarding potential an-
alyzer at the collector (red solid lines) and calculated energy
distribution (blue dashed lines) at OP1 (a) and OP2 (b). The
curves are corrected for the secondary star ground potential
(USSG = −42 V for OP1; USSG = −78 V for OP2).

The difference is related to the plasma potential inside the
discharge chamber of the thruster. The full width at half
maximum of the peaks is about 16 V for both operation
points, which corresponds to less than 2% of the ion en-
ergy. Ions with other energies, which could be generated
by charge exchange processes, or multiply charged ions
were not detected.

3.3 ExB probe

Ion velocity measurements were performed with the ExB
probe positioned along the thruster axis at a distance of
350 mm from the thruster exit plane. Figure 8 shows
two curves obtained for the two operation points of the
thruster. The position of the peaks corresponds to the dif-
ferent ion velocity, which is proportional to the square root
of the ion energy. The most pronounced peaks at an elec-
trode voltage difference of ∼87 eV (OP1) and ∼111 eV
(OP2) can be assigned to singly charged ions (Xe+). As
expected, the ratio of the peak positions is the same as
the square root of the ratio of the corresponding ion en-
ergies measured with the retarding potential analyzer.
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Fig. 8. ExB probe normalized spectra at OP1 (dashed curve)
and OP2 (solid curve) at a distance of 350 mm to the exit
plane of the thruster.

Fig. 9. Energy flux density vs. vertical position for the RIT-μX
running at OP1 and OP2 measured with the active thermal
probe. The symbols represent the experimental data, the solid
lines give cubic spline interpolations as a guide to the eye.
There are two measurements for each operation point.

In the curve for operation point 2 a second peak at an
electrode difference voltage of ∼153 eV can be seen. This
peak is related to doubly charged ions (Xe2+). The peak
is very small, i.e. the fraction of doubly charged ions is
low, as it is typical for gridded ion thrusters.

3.4 Active thermal probe

In Figure 9 selected results for the measurement of the
energy flux density under variation of the vertical position
relative to the center axis of the thruster are presented.
The thruster was aligned in such a way that the beam
hits the probe at normal incidence and that the center of
the thruster grid has a distance of 490 mm to the probe.
Figure 9 summarizes the results of two measurements for
the two thruster operation points each. The data illustrate
clearly that the measurements show a good reproducibility
and give access to the radial distribution of the energy flux
density of the beam. Furthermore, it should be pointed out

Fig. 10. Telemicroscope image of the test structures: eyepiece
graticule (top) and line structure (bottom).

that even close to its lower detection limit of 1 mW/cm2

the probe gives reproducible results.

3.5 Telemicroscope

The performance of the telemicroscope was investigated
using two test structures: a graticule structure and a spe-
cial line structure. Both test structures are shown in Fig-
ure 10. Using the scale of the graticule structure, the field
of view can be easily measured. It was found that the
field of view is 8.75 × 6.56 mm2 at a working distance of
112.5 mm, and the depth of field is smaller than ±0.5 mm.
The line structure consists of several pairs of lines, which
were laser scribed into a titanium dioxide layer (dark area)
on a silicon wafer. Each pair consists of five lines with
equal width and spacing of 0.01 mm, 0.02 mm, 0.05 mm
or 0.1 mm. It can be seen in Figure 10 that all pairs of
lines down to 0.01 mm can be resolved. Hence the lateral
resolution of the telemicroscope is better than 0.01 mm.
Figure 11 depicts a section of the grid of the thruster
(thruster is off). The grid holes can be clearly resolved
and grid hole diameter and, hence, the grid hole erosion
are accessible. The diameter of the center hole in Figure 11
is (1.27 ± 0.02) mm.
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Fig. 11. Telemicroscope image of grid holes of the RIT-μX.

Fig. 12. Surface profile scan across the center of the RIT-μX
measured with the triangular laser head. The detail inset shows
the measured surface profile scan between two grid holes. The
rise of the profile at the left side is a measurement artifact due
the triangulation measurement principle.

3.6 Triangular laser head

Figure 12 shows a surface profile scan of the thruster.
Among others, the grid hole area can be identified clearly
and the number of holes can be seen. Doing so, the princi-
pal shape of the grid including, for instance, its radius of
curvature could be measured [7,10]. In case of the RIT-μX
the grid is flat. However, there are experimental limita-
tions due to the measurement principle (triangulation ef-
fect). Because of that, the triangular laser head might fail
in measuring the profile at steep or abrupt edges (see de-
tail inset in Fig. 12).

3.7 Thermocamera

Figure 13 shows thermocamera images of the RIT-μX op-
erated at OP2 and OP1. The surface temperature of al-
most the whole thruster was imaged. The temperature
distribution is nearly homogeneous, apart from the holes.
As shown in previous tests, the temperature of the plasma

Fig. 13. Thermocamera image of the RIT-μX at OP1 (a) and
OP2 (b). (c) Horizontal temperature scans across the center
of the thruster extracted from thermocamera images. Please
note, the assumed emissivity is that of graphite (ε = 0.97).
Therefore, the given temperature values are only correct for
the grid area.

chamber, which is imaged through the holes is consider-
ably higher than the grid surface temperature [7,10]. In
Figure 13c selected temperature line scans for both op-
eration points, which were extracted from thermocamera
images, are plotted. There are some interference-like struc-
tures. These structures are related to the fact that the
sensor pixels of the thermocamera see different fractions
of the grid and of the holes. Please note, the height of the
maxima differs for the different line scans at the same op-
eration point, whereas the minima and the region on the
left and on the right side are the same. Again this is related
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to the different fractions of grid and holes seen by the
sensor pixels, because the line scans were taken for dif-
ferent z-positions. The grid temperature was found to be
68 ◦C ± 2 ◦C for OP2 and 63 ◦C ± 2 ◦C OP1.

No pyrometer data are shown here, because the tem-
perature of all thruster parts is below the lower limit of
the measurement range of the pyrometer of 150 ◦C (see
Tab. 2).

4 Conclusion

The experimental data demonstrate impressively the ca-
pabilities of the AEPD platform, which allows, for the first
time, for a comprehensive in-situ characterization of elec-
tric propulsion thrusters or ion beam sources for material
processing. Comprehensive characterization is an essential
part in the development and optimization process of these
devices, and allows to judge the performance with respect
to the specific mission or application needs. Furthermore,
a standardization of these diagnostics would allow for a
reliable comparison of the performance of EP thrusters of
different type, which would help promoting EP thruster
technologies.

Typically, the main focus lies on investigating beam
properties, because the beam provides the thrust or, in
material science, the tool for material modification. Im-
portant parameters are particle energy or velocity, beam
shape and divergence, composition, charge state. All of
these parameters can be measured with the current setup.
It is not only possible to measure the properties of charged
particles (Faraday probe, retarding potential analyzer,
ExB probe) but also of energetic neutrals (active thermal
probe).

The optical inspection tools (triangular laser head,
telemicroscope) provide important information about the
shape of mechanical parts and its evolution in time (ero-
sion), which can be life-limiting factors. The triangular
laser head is advantageous when measuring axial dimen-
sions, whereas the telemicroscope has its advantage when
measuring radial dimensions. However, both devices can
be used to measure axial and radial dimensions, though
with different accuracy.

Thermal characterization is important, for instance,
for evaluating the thermal impact on the performance of
satellites (in case of electric propulsion thrusters). Both
pyrometer and thermocamera provide similar information.
In case of small thrusters, the thermocamera can yield a
full thermal image. In case of larger thrusters (with higher
power), scanning with the pyrometer seems to be more ap-
propriate because (i) of its smaller dimension and (ii) the
smaller time that is needed to perform a line scan instead
of taking a thermocamera image.

5 Summary and outlook

We have reported about improvements of our AEPD plat-
form. The activities are focused on modifying the ex-
perimental setup in order to reduce possible interactions

between diagnostics and thruster, on implementing addi-
tional or alternative diagnostic heads in order to improve
the performance or to expand the portfolio of accessible
parameters. We have described the main parameters of
the new diagnostic tools and presented first experimental
results, exemplary, with a gridded ion thruster RIT-μX.

It can be stated that the improvements on the AEPD
platform have improved reliability and repeatability, and,
therefore, constitute a major step towards standardiza-
tion, which is intended to be the final goal. In order to
reach this goal, significant effort is still necessary to pro-
vide suitable standards.
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Experimental Setup:

Motivation:

The main objective of this work was to investigate the performance of a confocal magnetron
sputtering system which has been modified by addition of an electromagnetic coil which
allows in-situ alteration to the magnetic configuration. By changing the ’balance’ of the
magnetic field, the amount of ions in the substrate region can be adjusted, resulting in a
tunable ion-to-neutral ratio which directly impacts the properties of the deposited film.

Main results:

The measurement results revealed the plasma to create highly inhomogeneous ion and energy
flux in the substrate region. Using the in-situ coil, the ion-to-neutral ratio was found to be
adjustable up to a factor of 30 compared to operation without the coil. The deposited AlN
films showed a correlation between the stress in the film and the ion flux density, with stress
changing from tensile to compressive for increasing ion flux density.
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A B S T R A C T

An in-situ coil implemented in a confocal magnetron sputtering system is used to modify the ion flux impacting
the substrate, thereby tuning the ion-to-neutral ratio. Plasma characterization performed at the substrate is used
to map the spatial dependence of the ion flux density and the total energy flux density across the substrate
holder. In addition, spatially-resolved temperature measurements are performed for different plasma conditions.
Aluminum nitride (AlN) thin films were deposited by reactive sputtering in the fully poisoned mode on Si (100)
and borosilicate glass substrates using the open field configuration. Texture, growth morphology, and residual
stress of the films were determined and correlated with the plasma conditions and substrate temperatures ob-
tained by applying the coil's magnetic field. All AlN films were stoichiometric and showed a hexagonal structure
with (001) texture. The film stress was found to change from 0.9 GPa (tensile) to 4 GPa (compressive) with
increasing ion flux density. Electron microscopy revealed an evolution from an open grain boundary to a dense
film morphology compatible with the observed residual stress dependence of the films on the ion flux. No change
in residual stress and film morphology was observed within the 100 °C–500 °C temperature range used here.

1. Introduction

In sputter deposition processes the ion impact on the growing film
can be utilized advantageously to control the film microstructure and
microchemistry [1-3]. For example, increasing the energy flux of the
ions hitting the substrate, a compact film microstructure can be ob-
tained already at a lower deposition temperature.

The ion bombardment processes are governed by the flux of in-
coming ions jion and their energy Eion. The ion energy determines the
mechanism of momentum transfer and the resulting effects [4]. In the
case of low energy ion bombardment (Eion< 50 eV) decremental effects
of ion irradiation (e.g. creation of defects or vacancies, implantation)
are avoided and the adatom mobility is enhanced collisionally. The
latter results in an enhanced surface diffusion and rearrangement for
atoms on the surface of the growing film. For a given Eion the flux of
incoming ions jion determines the total amount of energy transferred to
the growing film.

It is crucial to control these two parameters independently, as their
combination, the average energy per deposited atom, is not a universal
parameter [5]. The ion flux and ion energy are also influenced by

pressure and applied substrate bias. The pressure determines the mean
free path of both the ions and neutral particles, and thereby influences
the energy and flux of both species. The application of a bias controls
the ion impact energy but may lead to implantation of the process gas,
which leads to strain fields and lattice distortions [6].

The importance of controlling Eion and jion directly and in-
dependently is widely recognized and a variety of approaches to control
the plasma flux in deposition systems have been proposed and are still
developed further [7]. Petrov et al. used a variable magnetic field
generated by a pair of Helmholtz coils placed around the chamber of
their single magnetron deposition system to directly control the flux of
the ions impacting the sample [8]. Engström et al. adapted the use of a
coil to a dual magnetron system designed for the deposition of thin film
multilayers [9]. Here we present how this approach can be used for a
multiple magnetron system that allows deposition of compound films
from elemental targets. Within this work we also compare the open
field to the closed field configuration of confocal magnetron sputtering
as it was observed that the magnetic orientation of the magnetrons
relative to each other has a strong influence on the plasma flux towards
the substrate [10]. Confocal reactive sputtering is widely employed in
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research and production for deposition of compound films from ele-
mental targets. As an example we deposited aluminum nitride (AlN)
thin films by reactive sputtering, which is the base material for many
interesting compounds such as AlSiN for tribological or AlScN for pie-
zoelectric applications [11,12].

AlN thin films have been studied extensively for applications in
microelectronic, electroacoustic and optoelectronic devices [13-16]. In
order to obtain good piezoelectric properties, polycrystalline wurtzite
AlN films with a pronounced c-axis orientation must be achieved
[16,13]. For their application in MEMS devices the preferred film
properties need to be obtained at low deposition temperatures, and
residual stress must be well controlled [17,18]. To achieve these
properties appropriately adjusted ion flux and ion energy are ad-
vantageous.

2. Experimental setup

The experiments were performed on an AJA ATC 1500F sputtering
system with 33 cm in height and a diameter of 37 cm, containing four
magnetrons. Two of them were confocally inclined at an angle of 25°
with respect to the z-axis and with the center of the targets separated by
15 cm, as schematically shown in Fig. 1, while the other two remained
upright along the chamber walls. The magnetrons are unbalanced of
type II [19] with an unbalancing factor of = =K Φ /Φ 13mag

out
mag
in .

Elemental aluminum targets (99.999% purity) with a diameter of
5 cm were used, and the power supplies (Advanced Energy MDX 500)
were operated in direct current constant power mode at 200W and
connected to a common ground. The heatable substrate holder, with a
diameter of 89mm, was oriented face down and its center located at a
distance of 12 cm from the center of the targets.

Argon (6.0 purity) was used as a process gas and nitrogen (5.0
purity) was added for the case of reactive sputtering. Purifiers
(Alphagaz O2-free) were installed on both gas lines to further reduce the
remaining oxygen concentration and moisture. The chamber is
equipped with a turbomolecular pump (210 ls)and the base pressure of
the chamber was better than 5×10−7 mbar.

A water-cooled coil was built and installed inside the vacuum
chamber around the substrate holder. The coil consists of Kapton in-
sulated copper wire with a core diameter of 1.7mm. A total of 149 turns
fit over a length of 58mm and an inner and outer diameter of 176mm

and 244mm respectively. The magnetic field of the coil (
⎯→⎯
Bcoil) reaches

180mT at the substrate holder surface for a coil current (Icoil) of 26 A.
The magnetic field strength along the z-axis for Icoil = 26 A is included
in the schematic of the setup shown in Fig. 1.

2.1. Plasma diagnostics

Several methods were employed to measure selected plasma para-
meters in the open field (OF) and closed field (CF) configurations, and
for varying

⎯→⎯
Bcoil (see Fig. 1).

The substrate holder was used as an electrical probe to measure the
floating potential (V float) and the ion saturation current (Isat). For the
latter, a bias of V bias =−60 V was applied to the substrate holder.

A commercial Langmuir probe (LP) acquisition system (ALP,
Impedans LTD) was used to acquire current-voltage data (I–V data). A
cylindrical tungsten wire, with a diameter rLP= 50 μm and a length
lLP= 10 mm, was used as a probe tip. The probe was installed on a
linear positioner to measure the ion current density (jp), the plasma
potential (V p) and V float as a function of the x-position (see Fig. 1).

An active thermal probe (ATP) was alternatively installed onto the
same positioner to measure the total energy flux to the substrate. The
ATP consist of a Pt100 resistor embedded in an insulating ceramic
7mm wide and 10mm long [20].

The LP and ATP were positioned about 13mm below the substrate
holder. The measurements mentioned above were conducted in a pure
Ar atmosphere to avoid the problem arising from the formation of an
insulating layer on the probes' surfaces. The Ar flow was set to 15 sccm
and the pumping speed was adjusted to obtain a working pressure of
approximately 5 μbar.

2.2. Depositions

AlN thin films were deposited onto Si (100) and borosilicate glass
substrates, both 6× 6mm2, using the open field configuration. The
samples were mounted close to the center (position xi in Fig. 1), at a
middle radius (xm) and at the outer rim (xo) of the substrate holder.
Note that the substrate holder was not rotated during the deposition
process. Prior to the deposition process, the substrates were ultra-
sonically cleaned for 10 minutes in a mixture of acetone and ethanol.
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Fig. 1. Schematics of the experimental setup showing the closed field (left side) and open field (right side) configuration with a qualitative representation of the
magnetic field lines arising from the magnetrons (Icoil=0 A). The substrates were placed at three different positions along the x-axis (xi = 1 cm, xm=2.5 cm,
xo= 3.75 cm). By inverting the current inside the electromagnetic coil the direction of the magnetic field can be reversed. The graph shows the magnetic field
strength as a function of the vertical position along the central axis of the coil for |Icoil|= 26 A. Position z=0 corresponds to the substrate holder surface position and
the dotted line indicates the z-position of the target. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)
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After transfer to the process chamber the samples were plasma
cleaned by applying a 13.56MHz RF bias of − 75 V to the substrate
holder for 2 minutes in an argon atmosphere. This was followed by a
target cleaning step (3 minutes), to initially bring the target into its
metallic state, and a target poisoning step (2 minutes), both performed
with closed magnetron shutters. Depositions were carried out in the
fully poisoned state with a flow of ϕ= ϕAr+ ϕN2= 15 sccm+12
sccm, and the pumping speed was adjusted to obtain a pressure of
approximately 5 μbar.

To determine the working point in the fully poisoned state, a hys-
teresis curve was recorded and a nitrogen flow rate in the reactive mode
well beyond the transition region was chosen.

The deposition time was kept constant at 120 minutes, and the
substrate holder was left at floating potential. After deposition the
target was again brought into its metallic state by an additional target
cleaning step (3 minutes).

I–V data were also recorded at t=30 min and t=90 min during
film deposition at the positions xi, xm and xo with a Langmuir probe
length lLP= 5 mm, smaller than the width of the substrates (6 mm).
One LP data acquisition cycle was performed within less than a minute.
For the rest of the process the probe was retracted from the deposition
chamber. Before each data acquisition cycle the probe was cleaned by
application of a positive bias of 100 V, leading to electron bombard-
ment and consecutive heating of the probe.

The deposition system is equipped with a substrate heater to vary

the temperature of the substrates during film growth. The temperature
of the latter can, however, become considerably higher, if the plasma
conditions lead to an additional energy influx to the sample surface. To
calibrate the substrate surface temperature we used silicon wafer pieces
with type K thermocouples attached to the surface facing the plasma.
The thermocouples were attached with an electrically insulating and
thermally conducting ceramic glue (Omega CC). Temperature mea-
surements were performed at the locations xi, xm and xo.

2.3. Thin film characterization techniques

The film thickness was measured with a stylus profiler (DektakXT,
Bruker). The residual stress of the thin films was determined for the
borosilicate glass samples using the Stoney equation and the radius of
curvature, measured with a confocal microscope (DCM8, Leica) [21].

Atomic composition was determined by Rutherford Backscattering
(RBS) with 2MeV He for the Si substrates. Additionally, elastic recoil
detection analysis (ERDA) with 13MeV 127I was used to refine the
oxygen concentration. More details about the RBS and ERDA analysis
are described elsewhere [22]. The crystalline texture was analyzed for
the Si substrates by X-ray diffraction (XRD), set up in a symmetric
2θ− θ geometry with a parallel beam, using Cu Kα radiation (D8,
Bruker). A nickel filter was used to eliminate the Cu Kβ radiation.

SEM micrographs of the film cross sections were taken for the Si
substrates to analyze the growth morphology. The SEM (Hitachi, S-

a) b)

c)

e)

d)

f)

Open FieldClosed Field

Magnetron # 2 Magnetron # 1Magnetron # 2 Magnetron # 1

Magnetron # 2 Magnetron # 1 Magnetron # 2 Magnetron # 1

Icoil = -26  A
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Magnetron # 2 Magnetron # 1 Magnetron # 2 Magnetron # 1
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Fig. 2. Photographs of the plasma for different magnetron configurations and coil currents Icoil. The magnetrons were operated in a pure Argon atmosphere with
conditions as described in Section 2.2. The photographs were taken with fixed aperture, shutter speed and ISO setting for comparability.
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4800) was operated at 1 keV and a magnification of 60× 103.

3. Results and discussion

3.1. Plasma characterization

The CF and OF setup are displayed in Fig. 1. For the CF case the
arrangements of the magnets of magnetrons #1 and #2 are antisym-
metric to each other, leading to closed field lines between the magne-
trons. For the symmetric OF case the magnets of both magnetrons have
the same orientation. This results in parallel magnetic field lines in the
region between the magnetrons and the substrate holder (called far
field region in the following). In our specific setup the far field of
magnetron #2 is parallel to the field generated by the coil for negative
currents for the OF and CF configuration. For magnetron #1 this is true
for the OF configuration only, since its magnets are reversed in the CF
configuration and its far field then becomes anti-parallel to

⎯→⎯
Bcoil for

Icoil < 0 (colored arrows).
Fig. 2 displays photographs of the plasma for different operating

conditions. Panels a) and b) show the plasma without an additional
applied field for the CF and OF configuration, respectively. The bright
areas indicate regions of high plasma density, and their geometry re-
sembles that of the field lines (Fig. 1). Panels c), d), e) and f) show the
plasma in an applied field. For Icoil =−26 A the applied field is parallel
to the far field of magnetron #2 for the CF configuration, and parallel to
both magnetrons for the OF configuration (Fig. 1). The plasma then
extends from the magnetron(s) to the substrate. In the closed field
configuration the plasma of magnetron #1 remains localized at the
magnetron. For Icoil =+26 A the applied field is now parallel only to
the far field of magnetron #1 for the CF configuration.

3.1.1. Ion saturation current and floating potential measured with the
substrate holder

For magnetron sputtering the floating potential (V float) of the sub-
strate and the ion saturation current (Isat) flowing into the substrate are
often used for plasma characterization.

The floating potential is related to the plasma potential (V p) as

= + ⎡
⎣⎢

⎤
⎦⎥

V V k T
e

π m
m

ln 0.61 2 ,float p
B e e

i (1)

where Te is the electron temperature, kB is the Boltzmann constant, e is
the elementary charge, and mi and me are the ion and electron mass,
respectively.

The ion saturation current is given by

∫=I en k T
m

dA0.61
A

sat i0
B e

i
probe (2)

where ni0 is the ion density of the plasma (without mutual perturba-
tions arising from the presence of the measurement probe), and the
integral is carried out over the entire probe area (Aprobe) [23].

In this study, we use these quantities to characterize the dependence
of the plasma state on the coil current in the closed field and open field
configuration, and for single and dual magnetron operation.

Fig. 3 displays the measurement results for the floating potential
and the ion saturation current as a function of coil current. Data was
taken for single and dual magnetron operation, and in OF and CF
configuration. Both, V float and Isat, were measured with the substrate
holder as an electrical probe.

First we discuss the results obtained for the operation of a single
magnetron (#2, Fig. 1). For increasing negative coil currents, V float

saturates at approximately −18 V. For positive coil currents, V float

becomes less negative and rises to about−7 V. The additional magnetic
field generated by the coil does not significantly affect the discharge
current and voltage of the magnetrons. Therefore the electron tem-
perature, which is given by the local plasma conditions at the

magnetron, remains unaffected, and we conclude from Eq. (1) that V p

drops together with V float for increasing coil currents.
The ion saturation current remains small for positive coil currents

(c)), in agreement with the visual appearance of the plasma at mag-
netron #2 for positive coil currents (Fig. 2 e), f)). For increasing ne-
gative coil currents Isat rises and then saturates at about 25mA. The
difference between the OF and CF setup is minute, indicating that

⎯→⎯
Bcoil

dominates the fields arising from the interactions of the magnetrons in
both configurations.

Panels b) and d) of Fig. 3 show the results for dual magnetron op-
eration. The dependence of V float on Icoil for the OF configuration is the
same as that obtained during single magnetron operation (a), open
symbols). The same is observed for the CF configuration for negative
coil currents. However, for positive coil currents V float is dominated by
magnetron #1 with its far field then parallel to that of the coil. Con-
sequently the dependence of V float is symmetric with respect to the
current direction. The symmetric behavior of the CF configuration is
also observed for the ion saturation current (d), filled circles). In the OF
configuration Isat is doubled in every point compared to the single
magnetron operation (c), open symbols). This increased current be-
comes apparent from Fig. 2 d) showing the extension of the plasma of
each magnetron at the substrate holder, and Eq. (2) relating the ion
saturation current to an integration over the substrate holder area.

The results demonstrate that with the field generated by the coil, Isat
can be varied by more than one order of magnitude. The consequences
for the film growth will be discussed in Section 3.2. However, panels b)
and d) in Fig. 2 show that the plasma density depends on the position
on the substrate holder, which prevents a homogeneous deposition over
a wide area of the substrate holder. At the same time, it provides us
with the opportunity to deposit samples simultaneously under different
plasma conditions. With our position-dependent measurement of the
plasma conditions a correlation of plasma parameters and films prop-
erties becomes possible.

3.1.2. Ion and energy flux distributions
The photographs of the plasma shown in Fig. 2 suggest that the

spatial distribution of the ion current density, and with it the energy
flux provided by the plasma, is localized near the outer rim of the
substrate holder (± xo) for Icoil =−26 A.

The ion current density distribution and the total energy flux den-
sity for x>0 (above magnetron #1), while powering both magnetrons
in the closed field configuration, are shown in Fig. 4 a). As expected
both show nearly Gaussian distributions with centers on the outer part
of the substrate holder and almost identical widths. The small differ-
ences of the center position of the two distributions is believed to arise
from the limited precision of the linear positioner and from the size of
the probes. For Icoil = 15 A, the ion current density is reduced to about
half of that obtained at Icoil = 26 A, and the centers position is shifted
slightly towards the center of the substrate holder. For negative coil
currents the ion current density becomes smaller than 2 mA m−2.

The dependence of the ion current density on the coil current at
position x=3 cm is displayed in Fig. 4 b). For Icoil > 0 the ion current
density increases rapidly, whereas it remains small for negative Icoil.
This is consistent with the results of the ion saturation current data
shown in Fig. 3 c). Note that the Langmuir and thermal probe mea-
surements are performed above magnetron #1, whereas the ion sa-
turation current measurements shown in Fig. 3 c) were performed op-
erating magnetron #2 that has the opposite polarity than magnetron #1
for the closed field configuration. For this reason the dependence on the
direction of the coil current is reversed.

The partial energy flux density from ions impacting on the elec-
trically floating substrate (Jions in Wm−2) is given by

= ⋅J E j ,ion ion ion (3)

where jion is the ion flux in s−1 m−2 and = ⋅ −E e V V( )ion p float the ion
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energy [24]. With the measured ion current density jp= jion ⋅ e Eq. (3)
becomes

= −J j V V( ),pion p float (4)

where V p and V float are the measured plasma and floating potentials.
We find that the ratio of Jion to the total energy flux density (Jtot in W
m−2) is smaller than 0.1 for all data points. Hence, we conclude that
most of the energy flux arises from electrons, radiation, and neutral
atoms hitting the substrate [25].

3.2. Dependence of film properties on plasma parameters and temperature

The maximum achieved ion saturation current measured over the
entire substrate holder is two times higher for the open field config-
uration than for the closed field configuration (see Fig. 3 d)). For ap-
plications where a high sample throughput or the use of different target
materials requires a rotation of the substrate holder the open field
configuration is more attractive, and we therefore choose this config-
uration for the depositions.

Aluminum nitride thin films were grown by reactive sputtering in
the open field configuration with two magnetrons, each operated at
200W constant power. All depositions lasted 120min, and the substrate
holder was left floating. The samples were clamped onto the substrate
holder, which results in a rather high thermal resistance between them.
The actual sample temperature can thus be different from that of the

substrate holder. Therefore the sample temperatures arising from the
sputter process were determined for all sample position and conditions
in separate sputtering experiments. The ion current densities were
measured at t=30 min and t=90 min during the thin film deposition
by moving the Langmuir probe to the corresponding positions.
Measuring at all three positions consecutively took less than 1 minute.
Further details on the deposition conditions, Langmuir and temperature
measurements are described in Section 2.2.

Table 1 shows the temperatures and ion current densities obtained
at the three sample positions for the different deposition conditions.
With the heater turned off, a sample temperature of 259 ° C was found
at the position xo for Icoil =−24 A, where the highest ion current
density of 74 Am−2 was obtained. A significant increase of the sample
temperature to 349 ° C was also observed at xo, with a substrate heater
setpoint of 250 ° C.

The ion current densities vary about a factor of two across the
substrate holder for Icoil = 0 A. For larger coil currents a substantial
spatial variation of the temperatures and ion current densities across
the substrate holder is observed. Those observations are compatible
with the visual appearance of the plasma depicted in Fig. 2 b) and d).

We found that the dependence of the total energy flux and ion
current density on the x-position is comparable to that measured for the
closed field configuration (Fig. 4 a)), but that the position and the value
of the maximum ion current density is slightly different. The position xo
matches with the maximum of the ion current density distribution of

Icoil

-25 0 25
0

10

20

30

40

Icoil

-25 0 25

Io
n 

Sa
tu

ra
tio

n 
C

ur
re

nt
, I

sa
t [m

A]

Io
n 

Sa
tu

ra
tio

n 
C

ur
re

nt
, I

sa
t [m

A]

0

10

20

30

40

Icoil

-25 0 25
-20

-10

0

Icoil

-25 0 25

Fl
oa

tin
g 

Po
te

nt
ia

l, 
V flo

at
 [V

]

Fl
oa

tin
g 

Po
te

nt
ia

l, 
V flo

at
 [V

]

-20

-10

0 )b)a

)d)c

Single Magnetron (#2) Dual Magnetron (#1 + #2)

Fig. 3. Ion saturation current and floating potential as a function of the current in the coil for open field and closed field configuration. Here, the substrate holder was
used as an electrical probe. Graphs a) and c) show the results of measurements performed powering a single magnetron. Note that in both cases magnetron #2 was
used, which has the same magnetic arrangement for both configurations. Graphs b) and d) show the results of measurements where both magnetrons were powered
simultaneously.

M. Trant et al. Surface & Coatings Technology 348 (2018) 159–167

163
104



the open field configuration.
The film thicknesses were all in the range of 770± 100 nm, with a

correlation between increasing film thickness and target consumption
(race track depth). No dependence on the substrate temperature or on
the ion current density was observed. From the latter we conclude that
the applied magnetic field changes the ion to neutral ratio, while the
flux of film-forming atoms to the substrate remains constant.

All films showed a stoichiometric AlN composition with a metal to
non-metal ratio of 1:1. The oxygen content was below 2 at%. The argon
concentration was found to be smaller than 0.07 at% for all films, in-
dependent of the ion flux density.

To analyze the dependence of the film properties on the different
conditions observed at the sample positions xi, xm and xo, the residual
stress σ and XRD-diffractograms were measured for all samples, and the
cross sections of selected samples were inspected.

Fig. 5 a) displays the dependence of the residual stress on the sample
temperature for the position xi (open circles), xm (open squares), and xo
(open stars), respectively, without an external field (Icoil = 0). The re-
sidual stress of the films was found to depend on the ion current den-
sity, but not on the substrate temperature: The residual stress changes
from 0.7 GPa (tensile) to −0.3 GPa, and −1.8 GPa (compressive) with
the ion current densities of 2.5 Am−2, 3.9 Am−2 and 5.5 Am−2 for the
positions xi, xm and xo respectively. The fact that the stress is in-
dependent of the sample temperature (for the temperature range cov-
ered here) can be attributed to the low homologous temperature. The

latter is defined as the deposition temperature normalized by the
melting temperature of the deposited film material, and is smaller than
0.3 for all deposition temperatures used here.

Fig. 5 b) depicts the dependence of the residual stress σ on the ion
current density jp for all deposited samples. The residual stress changes
linearly from 0.9 GPa (tensile) to −1.93 GPa (compressive) for 0 ≤ jp
≤ 7 Am−2 with

= ⋅ +σ j a j b( ) .p p (5)

and

= − ±
= + ±

−a
b

( 0.47 0.13) GPa m A
( 1.56 0.6) GPa.

2 1

(6)

For larger ion current densities, 7 A m−2 ≤ jp ≤ 75A m−2, the com-
pressive residual stress increases at a lower rate to about −4 GPa with

= − ±
= − ±

−a
b

( 0.03 0.15) GPa m A
( 1.49 9.9) GPa.

2 1

(7)

The dashed lines show the linear fits to the data points.
The dependence of the residual stress and the ion energy on the ion

current density appear to be correlated (see Fig. 5 b) and c)). The ion
energy was calculated as for Eq. (4) and increases linearly from 10 eV to
18 eV for 0 ≤ jp ≤ 7 A m−2 with

= ⋅ +E j c j d( ) .ion p p (8)

and

= + ±
= + ±

−c
d

( 1.6 0.3) eV m A
( 6.8 1.3) eV.

2 1

(9)

For ion current densities above 7 Am−2 it reaches a saturation at 22 eV.
The intersection between the dashed lines indicate a change of slope at
an ion current density of 10 Am−2, close to that observed for the de-
pendence of the residual stress on ion current density. This suggests that
the steep decrease in residual stress for 0 ≤ jp ≤7 A m−2 can be at-
tributed to an increase in both, the ion energy and the number of im-
pacting ions (corresponding to an increasing ion current density). For
higher ion current densities only the number of impacting ions changes
and the decrease in residual stress becomes less steep.
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Fig. 4. Panel a) shows the total energy flux density (crosses, left axis) and ion
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field configuration for various coil currents. The measurements were performed
above magnetron #1 with the calorimetric and Langmuir probe. Panel b) shows
the ion current density as a function of the coil current at position x=3.

Table 1
Sample temperature (T) and ion current density (jp) at the sample positions xi,
xm and xo for different experimental conditions. The letters in parentheses in-
dicate the corresponding samples presented in Fig. 7.

Heater Setpoint Icoil [A] Position T [°C] jp [Am−2]

Heater Off 0 xi (a) 108 2.4
xm 108 4
xo 108 5.9

−12 xi 141 2.7
xm 165 6.3
xo 245 56

−24 xi (d) 145 1.5
xm (e) 171 6.4
xo (f) 259 74

140°C 0 xi 187 2.5
xm 187 4
xo 187 5.7

250°C 0 xi (b) 250 2.5
xm 250 4.0
xo 250 5.7

−12 xi – –
xm – –
xo – –

−24 xi 275 2.6
xm 312 6.3
xo 349 72

500°C 0 xi (b) 500 2.3
xm 500 3.7
xo 500 5.2
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Our observations regarding the residual stress are in accordance
with results from other groups. A change from tensile to compressive
stress is commonly observed with increasing bombardment by energetic
particles (neutrals or ions) for sputtered thin films [10,17]. This beha-
vior is also found for the case of AlN depositions when the pressure, bias
potential or the N2/Ar ratio is varied in order to change the bom-
bardment of the growing film [17, 18, 26, 27]. However, variation of
the before mentioned parameters might entail changes in other process
parameters (i.e. IV-characteristics) or film composition (i.e. argon in-
corporation), which can be excluded in our work.

To study the crystallinity of the films XRD measurements were

performed. The 2θ− θ scans, shown in Fig. 6 a), revealed that all films
exhibit only the hexagonal wurtzite structure. In combination with
rocking curves it was found that the c-axis is oriented perpendicular to
the sample surface, except for the sample at position xi (position of
lowest energy influx, marked by the * in Fig. 6 a)) deposited with the
heater and the coil switched off (see Table 1). This specific sample
shows several XRD peaks of considerable intensity in the 2θ− θ scan
which can be attributed to other planes of the AlN wurtzite phase,
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indicating that the preferential (001) orientation is lost. A pole figure
analysis of a selected sample (sample f) in Fig. 7) showed the fibre
texture typical for polycrystalline AlN. The (002) texture is commonly
observed in literature for AlN thin films deposited by magnetron
sputtering [28-31]. For a detailed discussion about the influence of the
growth conditions on the texture we refer to previous work [32].

Fig. 6 b) shows the residual stress measured on the borosilicate glass
samples plotted versus the AlN (002) peak position obtained from the
2θ− θ scans of the silicon samples. An in plane compressive stress of a
thin film leads to a shift towards lower angles of the peak position,
which is reflected by the negative slope of the data-fit (dashed line).
The data-fit crosses the 0 residual stress line almost at the position of
the literature value for the AlN (002) peak (dotted vertical line) con-
firming the good agreement of the data obtained by the different
techniques and on different substrates.

Fig. 7 shows film cross sections of selected samples, where different
growth morphologies can be observed. Panels a) to c) show samples
grown at different temperatures and low ion current densities (< 2.5A
m−2). They exhibit well-oriented elongated crystalline grains with
pronounced grain boundary contrast. This morphology is compatible
with open grain boundaries leading to tensile film stress observed at
low ion current densities (see Fig. 5 b)). The growth morphology is not
affected by the temperatures used within this study, which is compa-
tible with the residual stress that was also found to remain constant for
these conditions. Panels d) to f) show the evolution of the morphology
with increasing ion current density. At an ion current density of 1.5 A
m−2 a film morphology similar to those visible in panels a) to c) is
observed. For higher ion current densities (e) and f)) a vanishing grain
boundary contrast is observed. This indicates an increase of the film
density, and is compatible with the observed transition from tensile to
compressive film stress with increasing ion current densities (Fig. 5 b)).
Because the growth morphology did not change at increased tempera-
tures, the observed densification at higher ion flux can be solely at-
tributed to the change in ion bombardment. The above presented ob-
servations are in agreement with the extended structure zone diagram
proposed by André Anders [1]. The observed transitions in the stress
state and growth morphology are compatible with the transition from
zone 1 to zone T with the pathway along the normalized energy axis.

4. Conclusion

An in-situ coil installed in a confocal magnetron sputtering system
was used to tune the ion-to-neutral ratio by a factor of 30. Our present
experimental setup did, however, not permit a homogeneous ion flux

over the whole area of the substrate holder. Yet, for an experimental
deposition system this inhomogeneity can be advantageous, because it
allows the simultaneous deposition of samples exposed to different
plasma conditions, and hence a study of the film properties on the
plasma parameters, in a single run.

The stress of the deposited AlN films changes from 0.9 GPa (tensile)
to −4 GPa (compressive), with increasing ion flux density, but was
found to be independent on the sample temperature between 100 °C
and 500 °C. All films showed a (001)-texture with columnar grains. The
observed evolution from an open to a closed grain boundary mor-
phology with increasing ion flux is compatible with the observed stress
evolution. From this we conclude that a well-designed magnetic field
generated by a coil is an experimental parameter that allows a precise
control of the film properties in a confocal magnetron sputtering
system.
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Technique DC magnetron sputtering (DCMS)

Utilized Probes Passive thermal probe (PTP), Quartz crystal microbalance (QCM),
Langmuir probe (LP)

Own contribution approx. 50%
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Motivation:

This work concludes an extensive investigation of the contributions to the energy flux in
a DC magnetron sputtering system. Since the calorimetric measurement method provides
an integral value of the energy flux, it is of specific importance to understand the different
contributions which are included. These contribution are in no way universally comparable
and change strongly depending on the combination of target material and background gas.
The idea of this study is to provide results for a wide range of combinations and, thus, create
a ground for extrapolation into other systems.

Main results:

Combining different diagnostics and simulation results, allowed to gain insights into the
contributions to the integral energy flux in a variety of target process gas systems. Three
contributions where identified which can dominate the energy flux to a floating substrate:
For combinations which produce a high sputter rate the highest energy flux is created by
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the condensation and kinetic impact of the sputtered atoms. If the mass ratio between
process gas and target atoms is very small, a high amount of ions is reflected from the target
and results in a dominating contribution from reflected neutrals in the energy flux. For
materials which have a low thermal conductivity such as titanium, the target heats up to
high temperatures and creates a dominant energy flux by radiation.
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Abstract

We present investigations of the energy flux in DC magnetron sputtering for 15 different target-gas
combinations. The utilized gases were Ar, Kr and He which were studied using targets made of Ag, Al, Cu,
Ti and W. The effect of parameter variations (distance, pressure and discharge power) was investigated
by calorimetric measurements utilizing a passive thermal probe. For the variation of discharge power,
supplementary measurements of plasma parameters and deposition rate were performed using a planar
Langmuir probe and a quartz crystal microbalance. The obtained results were used to gain better insight
into the different contributions to the integral energy flux. The measurements illustrate clearly that,
depending on the target material and on the target gas combination, the main mechanisms generating the
energy flux can vary dramatically. For small gas-target mass ratios, reflected neutrals were identified as
the main contribution of the energy flux while for combinations with high sputter yield, condensation and
kinetic impact of sputtered particles were found to be the most relevant. For thermally poor conducting
targets as in the case of titanium, the target can heat up significantly resulting in a strong energy flux from
heat radiation which dominates the otherwise modest energy flux.

1 Introduction

One of the major applications present in the large
field of plasma technology are plasma-wall interac-
tions such as etching, film deposition and surface
modification. In these processes, thermal conditions
at the substrate surface are of key interest since they
play a dominant role in the final properties of the
product. The surface temperature influences elemen-
tary processes like adsorption, desorption, diffusion
as well as chemical processes like chemical sputtering
and surface reactions [1–3]. Especially in the case of
thin-film deposition the morphology and stoichiome-
try of the layers are highly dependent on the thermal
surface conditions and on the impact of kinetic par-
ticles [1, 4, 5]. As a widespread thin-film deposition
technique, magnetron sputtering has been thoroughly
investigated and over the years many variations such
as reactive sputtering, pulsed DC or high-power im-

pulse magnetron sputtering (HiPIMS) have been de-
veloped. In spite of these new developments, the
classic metal deposition using DC magnetron sput-
tering systems is still of high relevance to research
and industry alike. Starting from the well noted
study by Thornton in 1978 [6] many investigations
of the energy flux in these systems have been per-
formed resulting in extensive literature on the topic.
Since calorimetric probes provide energy and time in-
tegrated values which include a complex mix of differ-
ent contributions (e.g. from charged particles, neu-
trals, surface processes, radiation etc.), a persistent
point of discussion is the distinction between the sev-
eral contributions to the integral energy flux. An
approved method to obtain more detailed informa-
tion is the combination of calorimetric measurements
with Langmuir probe (LP) and deposition rate mea-
surements. The determined values can be combined
to give a simple model of the energy flux and also al-
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low the normalization of the measured energy flux on
the amount of deposited atoms. Thornton et al. used
this procedure in a subsequent study [7] investigat-
ing various materials in cylindrical-post and planar
magnetron sputtering systems. The same approach
was picked up by Drüsedau et al. [8] who addition-
ally combined their experimental results with Monte
Carlo simulations. Incorporating the results obtained
by Drüsedau, Ekpe et al. [9] developed a sophisti-
cated model to predict deposition rates and calculate
the energy per deposited atom. Later, innovative ex-
perimental approaches have been presented by e.g.
Harbauer et al. [10] who developed a combined sen-
sor of different plasma diagnostics or by Bornholdt
et al. [11] who combined energy flux measurements
with the bias sweep of a Langmuir probe measure-
ment. Besides the here introduced studies which only
represent a small selection and are limited to the area
of inert-gas DC magnetron sputtering (DCMS), nu-
merous other studies regarding the energy flux for
complex material systems or innovative magnetron
sputtering sources have been published, e.g. [12–15].
The work presented here ties in with the basic DCMS
studies and seeks to provide a broader overview using
a wide range of target-gas combinations investigated
for essential parameter variations. Furthermore, the
different contributions to the energy flux are analyzed
using showcasing examples.

2 Experimental Setup

The experiments were performed in a vacuum vessel
(volume of 26 litres) with a top mounted planar DC
magnetron sputtering system by Angstrom sciences
equipped with a water cooled two inch target driven
by an Advanced Energy MDX 500 power source. The
chamber was evacuated by a two stage pumping sys-
tem consisting of a Pfeiffer Vacuum MVP 040-2
membrane pump and a HiPace 300 turbo pump which
was able to pump the chamber to a base pressure of
10−3 Pa. The gas flow was controlled by a MKS
647C multi-channel gas flow controller with a pres-
sure control system regulated by a PID controller,
which was used for the pressure variations. The pres-
sure was monitored with a Baratron pressure gauge.

For the power and distance variations a constant gas
flow value was set. The passive thermal probe (PTP)
was mounted on a linear drive inserted at the bottom
of the chamber to allow variation of the axial dis-
tance between PTP and target. The quartz crystal
microbalance (QCM) was introduced from the side
through a KF-40 feedthrough mounted on a movable
rod (figure 1). The standard distance to the target
for all probes was 70 mm, the standard pressure was
2 Pa and the standard magnetron power was chosen
to be 50 W. The experimental parameters are sum-
marized in table 1.

For the lower and upper limits in the variations, no
stable discharge conditions were reached for He and
Kr with some targets and it should be noted that
the measurements with helium were performed at a
pressure of 2.8 Pa instead of 2 Pa.

70 mm

PTP

&

LP

QCM

target shutter

probe shutter

magnetron

Figure 1: Sketch of the utilized experimental setup with the
passive thermal probe, which was also used as a planar Lang-
muir probe, as well as the QCM which could be moved to the
center position.

The magnetron was shut off during the cooling
phase of the PTP measurements using the target
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Table 1: Experimental parameters used for the parameter variations performed for five targets (Ag, Al, Cu, Ti, W), with
the varied values printed bold. All experiments were performed with helium, argon and krypton with the magnetron in power
regulated mode. The standard condition was chosen to be at 70 mm distance to the target, 50 W power and 2 Pa pressure,
however, some extreme values could not be reached when using He or Kr for some targets.

variation of
power

variation of
distance

variaton of
pressure

power (W) 30 - 190 50 50
distance (mm) 70 30 - 160 70
pressure (Pa) 2 2 0.5 - 12

shutter. To minimize the erroneous effect on the
calorimetric measurements created by a hot target
shutter, an additional shutter close to the probe
(probe shutter) was used. Specific test measurements
and temperature measurements confirmed that this
second shutter remains at a low temperature during
the experiments, while a considerable energy flux was
detected from the target shutter.

In a subsequent investigation, IR heat camera
recordings using an Optris PI-D2009-11-A camera
were performed to study the effect of target heat ra-
diation. Selected samples of sputter deposited thin
films were prepared for analysis with a scanning elec-
tron microscope (SEM). A sketch of the discharge
chamber is presented in figure 1 illustrating the uti-
lized probes and shutter.

3 Diagnostic tools and simula-
tions

All measurements were performed successively with
three different probes (PTP, QCM, LP) centered on
the chamber axis at approximately the same distance
to the target. For the parameter variations all values
were measured twice in a back-and-forth approach to
allow a simple estimation of the statistical error and
reveal potential effects from e.g. hysteresis. The cor-
responding plasma parameters and deposition rates
were primarily determined to allow an estimation of
the energy flux associated with ions, electrons and
depositing particles and are, thus, only discussed in
these terms.

3.1 Quartz crystal microbalance

For the measurement of the deposition rate, a
commercially available quartz crystal microbalance
(QCM) IL150 from Intellemetrics Global Ltd with a
gold coated, 14 mm diameter, 6 MHz crystal has been
used without water cooling. Since the QCM primar-
ily detects the change of mass on the quartz crys-
tal, it is necessary to provide material specific con-
stants to allow the calculation of the deposition rate
in nm/min [16]. For the different investigated ma-
terials, the density and impedance of the bulk ma-
terial [16] have been used and, thus, the obtained
results of the deposition rate may have a tendency to
overestimate the actual rate according to the actual
density of the deposited film [17].

Deposition rate measurements due to helium sput-
tering have proven to be difficult since the IL150 was
not able to calculate applicable results. Therefore,
the deposition rates for helium sputtering were esti-
mated by normalizing the obtained results from ar-
gon using the sputter yields for argon and helium
obtained from SRIM simulations. Later compari-
son with deposition rates calculated from the sheath
thickness measured with the SEM confirmed that this
procedure provides reliable values.

3.2 Passive thermal probe

A detailed description of the PTP and the evaluation
of the measurement is presented here as the under-
standing of the procedure is important for the discus-
sion of the results in section 5. The probe utilized in
the experiments consists of a sensor plate (substrate
dummy) made of copper with a diameter of 11 mm
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and a thickness of 70 µm. Spot-welded to the back
of it is a Type K thermocouple and a copper wire for
biasing and current readings [18]. For all PTP mea-
surements the probe was not connected to any exter-
nal potential and was therefore at floating potential.
The sensor plate is surrounded by a metallic shield-
ing to make sure, that only contributions from the
upper half-space are included in the measurement.
A schematic drawing of the PTP design is shown in
figure 2.

sensor head

retainer screw

probe mount

copper platelet

type K + bias wire

ceramic tube

base cylinder (steel)

shield (steel)

Figure 2: Schematic drawing of the PTP sensor head. The
Type K thermocouple and the wire for biasing are spot-welded
to the back of the copper platelet that represents the substrate.
The whole sensor is housed in a stainless steel cylinder to shield
it from any surrounding influences other than the ones coming
from the upper half-space.

It should be noted that the PTP measures a time
and energy integrated value of the energy flux that is
created by various energy sources and processes such
as charged and neutral particles, surface processes
like film formation or radiation from a hot target or
chamber walls, respectively. The basic idea of the
PTP is to determine the energy flux from the relation
between the time derivative of the enthalpy (Ḣ) and
the time derivative of the temperature (Ṫs) of a well
defined substrate dummy. During the heating (Th -
energy source on) and the cooling (Tc - energy source

off) of the substrate dummy this relation yields:

Heating: Ḣh = CsṪh = Pin − Pout,h (1)

Cooling: Ḣc = CsṪc = −Pout,c (2)

Here Cs is the heat capacity of the probe, Pin gives
the power from the source and Pout,h and Pout,c

denote the power leaving the probe during heating
and cooling, respectively. Assuming that the neg-
ative cooling terms of equation 1 and 2 are equal
for the same substrate temperatures (Pout,h(Ts) =
Pout,c(Ts)), the equations for heating and cooling can
be combined to calculate the energy flux Jin:

Jin =
Pin

As
=
Cs

As

(
Ṫh − Ṫc

)
, (3)

There are various methods of evaluating calorimet-
ric temperature curves, however, if the power source
is capable of fast switching between off- and on-states
or if fast shut-off of the source can be realized due to
a shutter system, the most desirable method is the
so-called kink method, see figure 3. The main reason

Figure 3: Exemplary evaluation of a PTP curve with heating
and cooling kink. The highlighted data points in red and blue
denote the data points used for the linear fits.

for this is that for the assumption of equal cooling
terms during the heating and the cooling phase, any
energy flux originating from secondary heat sources
has to be constant for the investigated time period.
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When evaluating with the kink method, as described
in [19], only a short time period of about 2 s around
the kinks between the cooling and heating phases are
evaluated. This means, that the above-mentioned as-
sumption also only needs to apply in this short time
frame. Accordingly, any contribution to the energy
flux which is relatively constant during this time pe-
riod does not significantly influence the measured en-
ergy flux. This makes the PTP measurement a truly
differential method and efficiently minimizes the in-
fluence of parasitical energy flux contributions which
change on a slower time scale.

The kink that evolves when switching the power
source on from an off-state is referred to as heating
kink and the kink the power source is switched off
again (start of the next cooling phase) is referred to
as cooling kink. From both kinks an accurate mea-
surement of the energy flux at these times is obtained
and any potential discrepancy between those two re-
sults can already be a valuable hint for the stabil-
ity of the investigated process and the reliability of
the measurement method. In figure 3 an exemplary
temperature curve with clearly labeled cooling and
heating phases as well as evaluated points and corre-
sponding linear fits around the kinks are presented.

By subtracting the slopes of the two linear fits
around the kinks, Ṫh − Ṫc can be easily obtained
and the energy flux can be calculated from equation
3, using the heat capacity Cs and surface area As

of the probe. Since the heat capacity of the probe
changes with increasing film thickness, two different
PTP probes were used in rotation to minimize the ef-
fect of the film which is continuously deposited dur-
ing the extensive investigations. Using the calibra-
tion experiment introduced in [18], the probes were
being recalibrated several times throughout the mea-
surements.

3.3 Langmuir probe

The design of the PTP also allows to use the cop-
per plate as a planar Langmuir probe (LP), which
is achieved by using an additional wire to apply a
bias voltage and measure the resulting current. The
measurements were performed using an in-house de-
veloped electronics based on a National Instruments

USB-6002 card with a sample rate of 50 kHz. A typ-
ical measurement takes 4 s, resulting in a total of
up to almost 20k data points with a step width of
4.6 mV, depending on the investigated interval. The
electron temperature Te was derived from the slope
of the semi-logarithmic current-voltage plot [20]. The
plasma potential Φpl was determined as the intersec-
tion between the linear fit used to obtain Te and the
linear fit to the electron saturation regime. In fig-
ure 4, two exemplary Langmuir curves are shown for
silver in argon and helium, respectively.
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Figure 4: Exemplary Langmuir curves for Ag in Ar (blue data
points) and He (red data points) for a discharge power of 90 W
at a distance to the target of 70 mm and a gas pressure of 2 Pa
and 2.8 Pa for Ar and He respectively. The black square indi-
cates the determined floating potential and the dashed lines the
corresponding plasma potentials for Ar and He, respectively.

It can be recognized that for He the LP curve
strongly deviates from the typical shape expected
for Maxwell distributed electrons, while for Ar a
more characteristic planar LP curve is observed. For
He, more energetic electrons are present which re-
sult in an increase of the current for more negative
probe voltages. For argon the floating potential was
Φfl = −15.0 V and the plasma potential Φpl = 1.0
V, whereas helium exhibited values of Φfl = −49.3 V
and Φpl = 1.5 V. The more pronounced population
of high energy electrons for helium results in a more
negative floating potential and a wider gap to Φpl.
The electron temperature Te was determined for the
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population with lower energies as it accounts for the
majority of the current, however, it must be noted
that this may result in an underestimation of the av-
erage electron temperature and correspondingly an
underestimation of the calculated electron contribu-
tion to the energy flux (see section 4).

3.4 TRIM simulations

TRIM simulations were performed using SRIM-2013
to obtain sputter yields Ysp and the yield of backscat-
tered/reflected particles Yrefl as well as the average
energy of sputtered and reflected particles Esp and
Erefl, respectively [21]. The ion acceleration voltage,
which is one of the input parameters of TRIM, was
derived from averaged values of the recorded power
supply readings during the PTP measurements at the
standard power setpoint of 50 W. Incident ion angles
of 0◦ up to 30◦ in a step width of 10◦ were chosen
with 105 simulated ions each. The results were cor-
rected by subtracting the surface binding energy of
the target material from the energy component of the
sputtered particle that is perpendicular to the target
since this aspect is not included in the simulation.
For further calculations, an average over the values
obtained by TRIM simulations for 0◦ up to 30◦ was
used since we estimate the majority of the incident
ions to impact within these angles. Ions with greater
incident angles will most likely result in sputtered or
reflected particles with such a small angle of emis-
sion that they are unlikely to arrive at the substrate
(probe) position. We decided to simulate a wider
range of incident angles as a method to compensate
for the surface roughness. However, it must be noted
that the calculated values are taken as a rough esti-
mate only and, therefore, do not claim to quantita-
tively reflect the real conditions.

From the yields (Ysp and Yrefl) and the average
energies (Esp and Erefl) of the sputtered and re-
flected particles we also calculated the amount of en-
ergy per incident ion which is carried away from the
target by sputtered and reflected particles, respec-
tively:

Esp,norm = YspEsp

Erefl,norm = YreflErefl.

Especially the comparison between these two values
can be a useful indicator for the relevance of the sput-
ter or the reflection process for the integral energy
flux.

4 Contributions to the energy
flux

As described in section 3.2, the energy flux obtained
with the PTP is always a time- and energy integrated
quantity which reflects the energy flux originating
from a complex set of processes [22, 23]. In 1978
Thornton introduced an approximate model to calcu-
late the energy flux for the case of magnetron sput-
tering with inert gases [24]. This model was based
on the contributions from kinetic energy of the sput-
tered particles Jn, the heat of condensation Jcond and
the plasma radiation Jrad,pl. Since then, this model
was verified in numerous studies and further refined
by additional contributions and sophisticated meth-
ods of theoretical calculations. In the following para-
graphs the common methods for calculation of the
most important contributions relevant for this study
alongside some of their limitations are presented. For
most of these processes, in reality, certain additional
coefficients need to be taken into account. They usu-
ally describe the probability or the efficiency of a spe-
cific process and range from 0 to 1. The sticking co-
efficient e.g. describes the probability that a particle
sticks to the surface and the energy transfer coeffi-
cient describes the percentage of energy transmitted
in a collision. For ease of understanding, these coeffi-
cients are chosen to be 1 in the following description
and also in the absolute calculations presented in this
study. As a result, the calculated energy flux rep-
resents an ’upper limit estimation’ and could, thus,
overestimate the actual energy flux. A more generic
and detailed description can be found in [22,23].

4.1 Electrons and ions

The contribution from charge carriers, also called
the electric contribution, includes the kinetic energy
which is transferred upon impact of electrons or ions
on the substrate and the potential contribution which
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is released as they recombine. At the floating poten-
tial the kinetic contribution is characterized by the
equal current densities of ions and electrons jfl and
their respective kinetic energies. The kinetic energy
of the ions is given by the difference between plasma
and floating potential Φpl − Φfl and in the case of
a Maxwellian electron energy distribution function
(EEDF) the contribution from electrons can be es-
timated by the electron temperature Te. The con-
tribution due to recombination is calculated by the
difference between ionization energy Φiniz and the
electron work function Φewf . The resulting energy
flux can thus be calculated as

Jelectric =
jfl
e0

[(Φpl−Φfl) + 2kBTe + (Φiniz −Φewf )],

(4)
with the Boltzmann constant kB and elementary
charge e0. The variables in equation 4 can be directly
obtained from Langmuir measurements and accord-
ingly the errors and uncertainties which are typically
associated with Langmuir measurements appear in
the calculated electric contribution as well.

4.2 Sputtered particles

Similar to the electric contribution, the contribution
from sputtered particles includes a kinetic portion
and a potential portion which are both proportional
to the flux of sputtered atoms Γn. As the sputtered
atoms hit the surface of the probe, their kinetic en-
ergy Ekin is transferred to the probe and as they
bind to the film, the surface binding energy Ebin is
released. The energy flux associated with the sput-
tered flux can thus be calculated to be:

Jsputter = Γn(Ekin + Ebin). (5)

As described in section 3.1, the particle flux can be
obtained from QCM measurements. The values for
the surface binding energy are taken from literature
and are summarized in table 2 for the investigated
materials.

The kinetic energy of the arriving sputtered par-
ticles is associated with much greater uncertainty.
The initial kinetic energy obtained from the sput-
ter process is typically calculated according to the

Table 2: Relevant material properties for the investigated
target materials as taken from [25]. Ebin gives the surface
binding energy, A the atomic mass number, ρ the density of
the bulk material and k the thermal conductivity.

A Ebin (eV) ρ (g/cm3) k (W/(m K))

Ag 108 2.9 10.50 429
Al 27 3.4 2.70 237
Cu 64 3.5 8.96 401
Ti 48 4.9 4.51 22
W 184 8.8 19.30 174

Thompson-formula [26], Monte Carlo simulations or
it is determined experimentally [27]. For this study
the initial energy is calculated using SRIM [21] as
described in section 3.4. The greatest uncertainty,
however, arises from the energy loss due to collisions
with the background gas which is discussed in section
4.4.

4.3 Reflected neutrals

Reflected neutrals are created as process gas ions get
neutralized and reflected from the target cathode.
Accordingly, these particles can carry high energies
up to the cathode potential, with average energies in
the range of ∼100 eV. The importance of this contri-
bution, especially for the sputtering of heavy targets,
was already recognized by Hoffmann and Thornton
in 1980 [28] and has since been discussed in numer-
ous works [7–9,22,23,29,30]. Even though some work
has been done to experimentally investigate these fast
neutrals by e.g. Rossnagel [31], quantitative mea-
surements are coming with many experimental chal-
lenges. Due to this fact, and due to the difficulty of
distinction from other energy flux contributions, the
effect of reflected neutrals is often neglected or under-
estimated in the discussion of measured energy flux
values. In this work, we consider this contribution by
elimination of other contributions which is supported
by SRIM simulations as described in 3.4.
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4.4 Energy loss due to collisions with
the background gas

To understand the energy deposited at the substrate
(PTP), one has to take energy losses into account
which occur along the way from the target to the
substrate surface. These energy losses are governed
by the mean free path for collisions between the ener-
getic particles and the background gas λmfp and by
the fraction of energy lost in each collision. The re-
duction of the initial energy from the sputter process
Esp as a function of the distance to the target d can
be approximated by

Ekin(d) = Esp · exp(−Rre d/λmfp), (6)

with Rre being the remaining fraction of kinetic en-
ergy of the colliding particle after one collision. To
obtain a rough estimation of this parameter, we cal-
culated an average value as a function of the mass-
ratio between impinging sputtered metal atom and
the background gas atom. This procedure is inspired
by Westwood [32] who integrated the collision equa-
tion over all possible collision angles and averaged the
result assuming the same probability for each col-
lision angle. However, due to the curvature of the
hard sphere, the collision angle does not change lin-
early with the collision parameter b and, therefore,
collision angles close to 90◦ are overestimated for the
assumption made by Westwood. To obtain a more
realistic estimation, we calculated the average energy
exchange and average angle of deflection for a colli-
sion in three dimensions by assuming the probabil-
ity of the collision parameter to scale with its value.
The further from a central collision, the more col-
lision possibilities exist along the radius defined by
the collision parameter b. In figure 5 the resulting
curves along with calculated values for the gas tar-
get combinations investigated in this study are shown
together with a small sketch to illustrate the main
variables of the collision model. Comparing to West-
wood’s approach, we obtain the same average angle
of deflection and the same values for Rre at very un-
even masses but smaller energy losses for more similar
masses (0.1 < Mg/Mt < 10).

Providing a realistic estimation of the mean free
path is associated with much greater difficulty and
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Figure 5: Average remaining energy and average angle of
deflection for a collision between two hard spheres as a function
of their mass ratio. Mg depicts the mass of the background
gas atom and Mt the mass of the sputtered target atom. The
values relevant for this study are marked by colored squares
(Ar), circles (Kr) and triangles (He) with the different colors
representing the different target materials. The values were
derived from a simple, elastic 3D hard-sphere collision model.

uncertainty for three principle reasons: (i) as first
recognized by Robinson in 1979 [33] the cross sec-
tion is reduced strongly as a function of the particle
energy, (ii) reliable data for cross sections between
sputtered atoms and noble gases is rare and usually
interpolations from noble gas collision cross sections
are used, although one may expect significant dis-
crepancies [29,34,35], (iii) the temperature of the gas
can increase strongly as a result of collisions with
sputtered particles and reflected neutrals, resulting in
a significant increase of the mean free path [36, 37].
These points are difficult to resolve experimentally
and even though detailed simulations allow to cal-
culate the reduction of the energy of the sputtered
atoms and reflected neutrals, they still lack absolute
accuracy due to estimated collision cross sections and
are furthermore limited to a specific geometry [29].
For our system at standard conditions we estimate
that with a pressure-distance product of 140 Pa mm,
the sputtered flux is partly thermalized with a smaller
fraction of ballistic particles [29,38]. The specific per-
centage, however, is expected to vary strongly as a
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function of the mass ratio i.e. for tungsten in helium
the momentum exchange is minimal and almost no
deflection of the particles is expected while for silver
in argon on average half of the energy is lost in ev-
ery collision and the direction is changed by 45◦, see
figure 5.

Although collisions primarily represent a loss
mechanism in terms of energy flux, a part of the en-
ergy transferred to the gas will also arrive at the sub-
strate as directed background gas atoms - or more
isotropic - as thermal energy transferred from the
heated gas. As pointed out by Somekh [29] and ex-
perimentally shown by Rossnagel [31], the elongated
mean free path for faster particles (see figure 6) will
also lead to an increased importance of fast reflected
neutrals for the energy flux, as they can more effi-
ciently transfer energy from the target to the sub-
strate.
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Figure 6: Mean free path for fast noble gas atoms passing
through the same noble gas background as calculated accord-
ing to the Variable Soft Sphere (VSS) model from Koura and
Matsumoto [39]. The pressure and temperature used for cal-
culation of the plotted λmfp are 2 Pa and 350 K.

4.5 Radiation

Energy flux by radiation can principally come from
two sources: (i) line radiation from the plasma and
(ii) black-body radiation from hot elements in the
plasma chamber. Especially the role of line radiation

is difficult to estimate and in most cases it is assumed
to be negligible. For our experiment, prior mea-
surements based on the comparison between a modi-
fied PTP and OES measurements confirmed that this
contribution does not significantly influence our inte-
gral energy flux. However, it should be noted that
Thornton on the opposite obtained values of several
eV per deposited atom from calculations based on the
ionization and sputter mechanism [6].

The second source for radiative energy flux is much
easier to understand and to investigate. In the case of
magnetron sputtering, the primary origin for signifi-
cant black body radiation is the magnetron target or
the anode. In case of poor thermally conducting tar-
get materials or insufficient cooling, these parts can
get extremely hot and generate a strong energy flux
to the substrate. This energy flux can be calculated
according to the Boltzmann radiation law:

Jrad = νFtsσ(T 4
t − T 4

s ). (7)

Here Tt and Ts are the temperatures of the target and
the substrate, σ the Stefan-Boltzmann constant, Fts

a geometrical factor for parallel discs [40] and ν the
radiation exchange rate which compensates for the
emissivities being smaller than 1 [41]. In figure 7 an
exemplary calculation of the energy flux from a hot
magnetron according to equation 7 is shown. Here it
is clearly visible that this contribution is small com-
pared to typical integral energy flux values for tem-
peratures below roughly 400 ◦C and can increase to
values in the range of 100 mW/cm2 for high temper-
atures and higher emissivities.

5 Results

The calorimetric measurements as obtained by the
PTP are presented in figure 8. The errors are esti-
mated from repeated measurements obtained by the
applied back-and-forth measurement principle.

The first row shows the results for the power, dis-
tance and pressure variation in argon. The second
row displays the corresponding results for krypton
and the third row those for helium. A general order
of the energy flux is observed with Ti and W yielding
the highest energy flux values, Ag and Cu showing
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Figure 7: Calculated energy flux according to equation 7 for
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distance 70 mm and a temperature of 100 ◦C of the substrate
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relatively similar values with moderate energy flux
and Al showing the smallest values. Merely in he-
lium there is a more pronounced difference between
Ag and Cu and the lightest material aluminum yields
a higher energy flux relatively to the other materials.
This is likely caused by the more effective sputter-
ing of Al in He resulting from the more akin masses
between sputtering gas and target material as com-
pared to the heavier materials. This hypothesis is
in good agreement with the SRIM simulations which
calculated significantly higher sputter yield for He on
Al as compared to Cu.

The power variations show an almost linear in-
crease for all gases and target materials. Since the
energy flux can primarily be understood as power
transfer from the cathode to the substrate such a lin-
ear increase can intuitively be expected. The only
outlier regarding this trend is Ti in Ar and Kr which
shows a clear deviation as a result of the role of in-
creasing target radiation (see section 6.3). The dis-
tance variation shows an expected overall trend for all
investigated target-gas combinations with decreasing
energy flux values for increasing distance to the tar-
get. The observed exponential decrease can be under-
stood as a result of the increased number of collisions

the sputtered and reflected particles undergo as they
transit from the target towards the probe. Except for
the case of Ti in He, the results of the pressure varia-
tion show much less pronounced trends. The energy
flux remains relatively constant and in most cases ex-
hibits a weak maximum in the investigated pressure
region. The trends can be understood as the result
of a balance between the amount of particles being
sputtered and reflected from the target and the in-
teraction of these particles with the background gas.
For increasing pressure we observed an increase in
magnetron current and, accordingly, a decrease of the
magnetron voltage due to the constant power mode.
In terms of energy flux, the most relevant effect of in-
creased current is the increased amount of sputtered
particles and reflected neutrals, while the decrease of
the voltage results in a smaller sputter- and reflection
yield and smaller kinetic energies of sputtered and
reflected particles. In most cases these effects alone
would result in an increase of energy flux as the pro-
portional increase with current is not fully compen-
sated by the attenuating effects associated with the
decreasing voltage. However, the decreasing mean
free path at higher pressures yields another weaken-
ing factor for the energy flux as more energy is dis-
sipated in the background gas and, accordingly, less
energy flux arrives at the substrate. As observed,
these effects mostly balance the integral energy flux
in the investigated pressure regime and the observed
maximum likely marks the pressure where the atten-
uating effect of increased collisions start to dominate
the energy flux.

6 Discussion

In the following section we will discuss in greater de-
tail three cases where different mechanisms dominate
the measured integral energy flux. In figure 9 the dif-
ferent contributions to the integral energy flux at the
standard condition are illustrated using a stacked bar
plot. Along with the measured energy flux, the calcu-
lated values for the electric contribution and the sput-
ter contribution are presented. For the difference to
the measured energy flux a placeholder contribution
denoted as ’others’ is introduced. In the case of small
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Figure 8: PTP results in argon, krypton and helium for (a) power variation, (b) distance variation and (c) pressure variation.
The variations were performed according to the parameters summarized in table 1. The first row shows the results for argon,
the second row the investigations for krypton and the last row for helium. While most of the displayed values are obtained as
an average from repeated measurements, the results of the power variation with Ti only include the values for the systematic
increase of the power from 30 W to 190 W. The values of the systematic decrease of the power from 190 W back to 30 W have
been excluded for clarity since a strong hysteresis due to excessive target radiation was detected.

gas-target mass ratios (all He and all W) the contri-
bution from ’others’ is expected to be dominated by
reflected neutrals which is in good agreement with
results obtained from SRIM simulations (plotted in
blue). In the case of titanium the target was found
to heat up to high temperatures which suggests that
the high contribution of ’others’ is caused by exces-
sive target radiation. These two extreme cases are
discussed in more detail in the last two paragraphs of
this section while the first paragraph will focus on the
case that the energy flux is dominated by the contri-
bution of thin-film growing particles as observed for

high sputter yield materials like copper or silver.

6.1 Deposition dominated energy flux
(Ag, Cu)

For those target materials which exhibit a high sput-
ter yield, usually the contribution from film growing
particles dominates the integral energy flux. As an
exemplary case, in figure 10 the integral energy flux
for a copper target as measured by the PTP during
the power variation in argon is presented. In addi-
tion, the calculated contributions according to the
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Figure 9: Illustration of the different contributions to the integral energy flux at standard conditions (50 W, 70 mm, 2 Pa) for
all investigated target-gas combinations along with simulated data of energy carried away from the target by sputtered and by
reflected particles. The values are displayed using a stacked bar graph. The green bar depicts the total energy flux as measured
by the PTP (green bar). In three shades of gray, the calculated contributions for the sputtered particles using QCM and TRIM
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text, the contribution from others can likely be assigned to radiation in the case of titanium and to reflected neutrals in the
other cases. The blue bars show the energies calculated from TRIM simulations as described in section 3.4 for sputtered and
reflected particles.

equations presented in section 4 and the sum of these
calculated values (labeled as ’calc’) are shown. Here
it can be seen that the neutrals are the biggest con-
tributions to the energy flux as the calculated sum of
’neutr’ and ’cond’ accounts for ∼60 % of the measured
energy flux independent of the magnetron power.
The ’electric’ contribution from ions and electrons on
the opposite is relatively small and adds up to only
∼10 %. As visible from figure 9, similar percentages
are observed for silver with the calculated contribu-
tion from neutral particles representing an even big-
ger portion of the overall energy flux. Due to the
aforementioned ’upwards estimation’ the percentage
of energy flux which is not related to the sputtered
particles or electric contribution is expected to be
even higher than the calculated difference to the mea-

sured energy flux. In the cases of copper and silver
the target surface remained at relatively low temper-
atures and no significant contribution from radiation
was detected (<1 mW/cm2). Therefore, it can be as-
sumed that even in the cases of high sputter yield ma-
terials a considerable portion of the energy flux can
be attributed to reflected neutrals. This observation
is in good agreement with those made by Rossnagel
in his study investigating reflected neutrals [31].

6.2 Reflected neutrals dominated en-
ergy flux (He, W)

As it is clearly visible in figure 8 the energy flux is
persistently among the highest values for all measure-
ments with helium or in the case of tungsten as target
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Figure 10: Measured integral energy flux of Cu in Ar during
power variation as well as the calculated contributions derived
from Langmuir, QCM and SRIM data. The errors presented
in the PTP results originate from repeated measurements and
the errors displayed in the sum of the calculated contributions
(’calc’) are obtained by summing up all standard deviations of
the individually calculated values.

material. In figure 9 it is shown, that these high en-
ergy flux values can not be explained alone by the
electric contribution or by that of sputtered atoms.
Instead, it is likely a result of the high percentage of
particles being reflected from the target. This can
be intuitively understood from the simple model of a
2-body collision where we have a high probability for
reflection if the incoming particle has a much smaller
mass than the other collision partner. However, as
shown in [42] even for a gas-target ratio significantly
higher than 1, reflection can appear as a result of
implanted gas ions in the target material. The re-
sults of the SRIM simulations further support the sig-
nificance of backscattered particles as for almost all
cases where He or W is involved we calculate a higher
amount of energy being carried away from the target
as reflected neutrals compared to that carried away
by sputtered particles. Taking into account the more
pronounced influence of background gas collisions for
the sputtered particles as compared to the reflected
ones (see section 4.4), it can be expected that the ob-
served integral energy flux is strongly dominated by
reflected neutral particles in these showcasing exam-

ples. As argued in section 6.1, the contribution from
reflected neutrals is expected to have a significant in-
fluence also in cases where it is much less distinguish-
able and likely masked by other effects of comparable
magnitude and it is further expected to become more
relevant for increasing pressure [31].

6.3 Radiation dominated energy flux
(Ti)

One striking observation from the various materials
studied, is that Ti seems to be the outlier not only in
terms of the magnitude of the resulting energy flux
but also in terms of the reproducibility of the mea-
surements. Especially in the power variation, Ti ex-
hibited a strong hysteresis of the measurement values
obtained at the beginning of the measurement set and
the values obtained at the end. For the same param-
eters we observed a discrepancy in the order of up to
∼50 mW/cm2 and obtained strongly changing values
for a repetition of the whole measurement run. Since
Ti yields one of the lowest thermal conductivity of all
metals (see table 2) one can assume that the heating
of the target can have a significant effect. To inves-
tigate this, additional measurements were performed
using an extended measurement procedure while ad-
ditionally monitoring the target temperature using
an infrared camera. These measurements revealed a
direct correlation between the changes in the mea-
sured energy flux and the target temperatures. Dur-
ing the measurement, the temperature of the target
exceeded the maximum temperature range of 900◦C
of the IR camera and when the plasma was turned
off, a faint orange glow from the target was visible
with the naked eye. Following this measurement,
the energy flux solely originating from the hot tar-
get was measured directly using the PTP. This was
achieved by simply shutting off the radiation from
the target using the 2-shutter system if the plasma
switched off. In figure 11 the resulting energy flux val-
ues and the corresponding target temperatures as a
function of time along with an exemplary image from
the IR camera are presented. Here it can be seen that
the target cooled down relatively slow, indicating a
weak thermal connection of the target surface to the
water-cooled copper holder which remained below 20
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◦C. Additionally, it can be noted that the measured
energy flux values are in good agreement with the
calculated values in section 4.5.
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Figure 11: Energy flux due to target radiation as measured
with the PTP during cool-down after an extended variation
of the magnetron power, along with the corresponding target
temperature detected with the IR camera. Additionally an
exemplary image obtained with the IR camera indicating the
three measurement spots is presented. During the investiga-
tions the temperature of the target exceeded 900◦C, resulting
in a faint orange glow visible to the naked eye.

Since the target temperature changes relatively
slow, the energy flux from the plasma excluding the
target radiation can be detected using a different
switching mechanism for the shut off of the energy
flux. By switching off the magnetron voltage instead
of closing the shutters, the same background of ra-
diation from the target is present in the small inves-
tigated time frame, both during heating and cool-
ing phase. This way, according to the theory pre-
sented in section 3.2, the measurement includes all
contributions but no target radiation (n.t.r.). In fig-
ure 12, measurements for the power variation with
Ti using this measurement method alongside with
the measurements from figure 8 using the 2-shutter
method are presented. The measurements without
radiation (source switching) exhibit the same linear
dependence as observed for all other metals and show
excellent reproducibility. On the other hand, the
poor reproducibility for Ti using the shutter system
and the resulting increased energy flux values and,

accordingly, the large contribution from ’others’ in
figure 9 can thus be clearly attributed to the radi-
ation from the target. From the difference between
the values obtained from the two measurement meth-
ods, a direct determination of the energy flux due to
radiation is possible. E.g. for 50 W in argon, the
contribution from radiation can be determined to be
∼100 mW/cm2, which correspond to 90 % of the cal-
culated contribution from ’others’ in figure 9.
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Figure 12: Energy flux measurements of titanium in Ar, Kr
and He utilizing two different measurement principles. The
data points (squares) connected with the solid lines are pro-
duced with the 2-shutter method (see figure 8a), whereas the
points (triangles) connected with the dashed lines were ob-
tained using no shutters but instead switching of the power
source. Since in the latter case the target radiation is present as
a background during both the heating and cooling phase, these
measurements are obtained with no target radiation (n.t.r.)
contribution in the integral energy flux.

To exclude the possibility of poor thermal conduc-
tivity caused by an uneven target backside or im-
proper mounting, we performed additional measure-
ments with a freshly machined target backside to
guarantee a smooth surface. This optimization only
slightly improved the cooling of the target, so that
the obtained results should apply to other compara-
ble systems as well. This is in agreement with recent
observations for hot target sputtering of titanium
[43, 44] or nickel [45] and could also explain high en-
ergy flux values observed by Cormier et al. [12]. Ad-
ditional measurements with gadolinium, which has an
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even lower thermal conductivity of 10.5 W/(m K), ex-
hibited similar characteristics as Ti and, thus, further
underline the impact of the targets thermal conduc-
tivity. However, it must be noted that the contribu-
tion from target radiation is highly dependent on a
variety of uncertain factors such as the target history
(e.g. how long was the target exposed to high power)
or on the efficiency of the target cooling system (e.g.
thinner targets would dramatically decrease the tar-
get heating).

Although no significant hysteresis during the mea-
surements presented in figure 8 was observed for the
other target materials, the same additional investi-
gations were performed with silver, aluminum and
tungsten. In all cases the target temperature did not
exceed values above 300◦C and accordingly, the ra-
diation from the target resulted in energy flux values
below 2 mW/cm2. It can thus be concluded that
the absence of a hysteresis and, accordingly, good re-
producibility is a sufficient indicator for a negligible
effect of target radiation.

6.4 SEM investigations

The influence of process parameters on the thin film
growth can be graphically described by a so called
structure zone diagram (SZD). For magnetron sput-
tering the most referred to SZD is the one introduced
by Thornton in 1974 [1] or the updated version pre-
sented by Anders in 2010 [46]. For DC magnetron
sputtering with no additional substrate heating or
biasing, films are typically assigned to the Zone 1 or
in some fewer cases to the transition region Zone T.
To allow a comparison to these models and, thus, cre-
ate a connection between the presented energy flux
measurements and the actual deposited film, sam-
ples were deposited at selected parameter combina-
tions. The copper films were deposited onto silicon
substrates placed at a distance of 70 mm to the tar-
get surface. For each condition samples were pre-
pared for both, a grounded substrate and an isolated
substrate at floating potential. The films were ex-
amined using a Zeiss GeminiSEM scanning electron
microscope (SEM) producing top view images of the
surface morphology of the films as well as cross sec-
tions revealing the structural growth. Images of the

surface for the floating substrates and cross sections
for both the grounded and the floating substrates are
summarized in figure 13. Although the substrate is
heated much stronger by electrons if it is connected
to ground, the images show very similar structures
for both the floating and grounded case. Although
the substrate is warmer during the deposition on
a grounded substrate, the homologous temperature
stays within the lower regime as the temperature is
not expected to reach a significant fraction of the
melting temperature of the material. Therefore no
significant effect on the film formation is expected.

In principle, two distinctively different structures,
which are best visible in the cross sections, can be
observed in figure 13. A exhibits a columnar growth
structure with clear crystal boundaries which extend
throughout the complete film. These crystal bound-
aries are also visible in the top view image where they
create a grain-like structure. The same structure is
also visible in the top view of D, however, due to the
small thickness of the deposited film, the cross section
images do not exhibit clear details. Only in a close ex-
amination, an indication for domed crystallites with
bigger diameter compared to the ones seen in A is
present. In both cases the bombardment by reflected
neutrals is comparatively low and while the deposit-
ing atoms are expected to be partly thermalized for 2
Pa, they are likely completely thermalized in the case
of 12 Pa. For samples B, C and E the clear columnar
structure is disrupted in favor of a more dense growth
pattern with smaller crystallites which do not extend
through the complete film thickness. The disruption
of the columnar morphology is somewhat comparable
to that observed for biased sputtering [47, 48]. Here
the kinetic impact of highly energetic ions disrupts
the columnar growth which is typically attributed to
resputtering and additional nucleation sites. In the
same way, in our case the formation of smaller crys-
tallites can be associated to the increased energy of
reflected neutrals and depositing atoms arriving at
the substrate. In the case of the increased discharge
power (B) the energy increases mostly as a result of
stronger rarefaction and increased magnetron volt-
age. For the significantly reduced pressure (C ), the
dominant parameter is the increased mean free path
which directly results in fewer collisions and, accord-
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Figure 13: SEM images of a copper film deposited on a silicon wafer in Ar and He at selected discharge parameters. The top
row shows the surface morphology for films deposited on a floating substrate, the second and third row show cross sections of
the corresponding films with a floating and grounded substrate, respectively.

ingly, higher energies. The extreme case with helium
as a sputter gas (E ) results in a strong neutral bom-
bardment combined with a low deposition rate. The
strong neutral bombardment could explain the finely
grained structure visible in the cross sections and the
comparatively rough surface observed in the top view
is likely a result a resputtering.

7 Conclusions

Detailed investigations of the energy flux in DC
magnetron sputtering with fifteen gas-target combi-
nations examined for essential parameter variations
have been presented. Additional measurements us-
ing Langmuir probe, QCM and IR imaging combined
with SRIM simulations were used to allow a more
detailed analysis of the different contributions to the

integral energy flux. In-spite of the apparent sim-
plicity of the investigated system (DCMS of met-
als using inert gases), fundamentally different com-
positions of the integral energy flux were observed.
The three dominant mechanisms were identified as
the energy flux originating from sputtered particles,
from reflected neutrals and from a hot target sur-
face. While the first mechanism is of essential na-
ture to the film deposition process and is especially
dominant for materials with a high sputter yield, the
mechanism attributed to reflected neutrals was found
to be of equal importance. In the case of a small
gas-target mass ratio the energy flux from reflected
neutrals can even be the leading factor. For target
materials with a low thermal conductivity, such as
titanium, the target surface can heat up to high tem-
peratures resulting in a significant radiative energy
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flux which can easily surpass the contribution from
other mechanisms. However, in systems with a bi-
ased susbtrate the contribution of charged particles
becomes more and more significant and in many cases
dominates the energy flux.

The understanding of the driving mechanisms be-
hind the different contributions and on how they
transfer the energy to the substrate and the growing
film can in principal be used to tailor the composi-
tion of the energy flux. While the energy flux from
radiation, condensation or electrons represents a rel-
atively anisotropic contribution, the kinetic impact
of ions, sputtered particles and especially reflected
neutrals dissipates energy much more localized into
the film. Changing e.g. the gas-target mass ratio
by using a different background gas could, thus, be
used to change the amount of highly kinetic parti-
cles impinging on the film during deposition. The
copper samples investigated by SEM illustrated the
principal changes of the film structure from columnar
growth to a more dense film with smaller crystallites.
In-spite of the expected increase in energy flux as-
sociated with electron heating, no clear difference of
the film structure for samples deposited at floating
potential compared to those using a grounded sub-
strate were observed.
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Motivation:

To create a better understanding of the formation processes for particles and clusters in a
magnetron sputtering gas aggregation source, it is mandatory to gather detailed information
about the conditions inside the aggregation chamber. To achieve this, measurements of the
plasma parameters, the deposition rate and the energy flux can provide fundamental infor-
mation. This applies both to the case of single element particles as well as more complex
systems created from composite targets. In these systems, it is of special interest to under-
stand the different contributions in the energy flux and how they can be attributed to the
different elements in the target.

Main results:

In the higher pressure regime used in gas aggregation sources (20 - 210 Pa), the main mech-
anisms responsible for the energy flux to a floating substrate were found to be comparable
to those observed in the conventional DCMS pressure regime (0.5 - 2 Pa). While the contri-
bution from electrons and ions is negligible, especially the contribution from fast reflected
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neutrals and that from the sputtered atoms was found to dominate the energy flux. Further-
more, the effect of gas-rarefaction appeared to be of specific importance in this comparably
high-pressure environment.
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A gas aggregation source based on DC magnetron sputtering was investigated using a passive thermal probe
and supplementary diagnostics (Langmuir probe and quartz crystal microbalance). Parameter variations of
pressure, axial distance and magnetron current have been performed for three different targets (pure Cu, pure
W, composite Cu/W) in argon discharge. The measurements showed the energy flux to be significantly higher
for the case of the pure tungsten and the composite target compared to the copper target, which is likely a
result of the strongly increased amount of neutrals being reflected from the heavier targets. Furthermore, gas
rarefaction by the sputtered atoms was found to be essential for the understanding of the observed energy flux
and that the dominant contributors to the energy flux in the higher pressure regime are comparable to those
observed in the conventional lower pressure regime. Selected deposited films have been investigated ex-situ
by scanning electron microscopy, which allowed to gain insight into the nanoparticle formation in relation to
the observed energy conversion.

I. INTRODUCTION

Metal nanoparticles (NPs) produced by means of gas
aggregation cluster sources (GAS) represent an ever
growing field in nanoscience1–5. In the past, the major
focus was laid upon construction of GAS themselves6,7,
to understand the basic principles of the nanoparticle for-
mation process1,2,8,9, the properties of single-phase parti-
cles and their transport to substrates10–12. Recent devel-
opments shift the focus from single material to compos-
ite nanoparticles, which resulted in a variety of different
approaches to achieve complex nanoparticle formation.
Some methods employ multiple steps such as in-flight
coating or subsequent coating of single-metal NPs by a
thin film of another material13,14. Although the forma-
tion of the core is in this case completely decoupled from
the deposition of the shell the produced shell is usually
very thin (typically several nm). Another method utilizes
simultaneous sputtering of two or more metals from sev-
eral magnetrons in one aggregation chamber15 allowing
for the production of multi-component NPs. Although
control of the component ratio can be well achieved with
this method, the control of the overall homogeneity is
not straightforward. The same problem arises when a
single magnetron is used with a target composed from
two halves consisting of two different metals16,17. Other
studies with different forms of composite targets like a
silver target with a concentric thin gold wire inserted in
the erosion track18 or various alloyed targets19–21 were
found to reliably produce nanoparticles with varying re-
sults regarding particle size distribution, composition and
structure. A similar approach, which is investigated in
this study is based on small pellets of different material
located in the erosion track. Although the possibility to
produce core-shell NPs using this method was already
demonstrated22, the formation and growth of such NPs

is still not well-understood. This is partially due to in-
sufficient knowledge of the processes occurring inside the
aggregation chamber, such as heating/cooling of growing
NPs. To gain insight on the energy flux inside the aggre-
gation chamber and, thus, also on the energy conversion
relevant for the formation process of the particles, en-
ergy flux measurements using a passive thermal probe
(PTP) were performed for different settings of discharge
power, gas pressure and distance to target. Supplemen-
tary to the measurement of the power density (energy
flux) with the PTP, the deposition rate was measured
using a quartz crystal microbalance (QCM) and plasma
parameters were monitored with a Langmuir probe (LP).
To correlate the obtained experimental values to the for-
mation process of the particles, these test films were de-
posited for selected parameter sets and analyzed using a
scanning electron microscope (SEM).

II. EXPERIMENTAL SETUP OF THE GAS

The investigated system represents a typical gas aggre-
gation cluster source consisting of an indirectly cooled 3
inch magnetron inserted on the axis of a cylindrical vac-
uum chamber of 100 mm diameter. The distance between
the target and the exit orifice (2 mm diameter) was 131
mm for the standard magnetron position (distance mag-
netron to PTP: 16 mm). To allow extraction of particles,
the aggregation chamber is connected to the main, dif-
ferentially pumped vacuum chamber (p < 1 Pa, 210 l/s
from turbo pump). The operation pressures of 20 - 210
Pa inside the aggregation chamber were obtained with a
gas flow of 2 - 40 sccm of argon introduced at the top
of the chamber (see figure 1). Differential pumping cre-
ates a pressure gradient directed from the gas input of
the aggregation chamber towards its exit orifice, allow-
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ing efficient transport of clusters and particles. Both the
magnetron and the chamber walls were cooled with wa-
ter. The position of the magnetron in the chamber was
adjustable via a sliding vacuum feedthrough, see figure
1. The magnetron was powered by an Advanced Energy
MDX500 DC power supply operated in constant current
mode. The magnetron voltage, current and power were
continuously recorded to monitor the process. Pure Ar
was used as a process gas.

For all measurements, the probes were side-mounted
to the aggregation chamber facing the magnetron target.
Since the probes could not be moved along the vertical
axis of the magnetron, the distance variation was per-
formed by moving the magnetron to the most distant
position (dmax = 66 mm) and then successively moving
it closer to the probes with intermittent measurements
until reaching the minimum distance of dmin = 16 mm.

magnetron

target

exit ori!ce water cooling

gas inlet

PTP

Figure 1: Schematic drawing of the aggregation chamber. The
probes were mounted inside the aggregation chamber at a

standard distance of 16 mm from the magnetron.

Identical parameter variations as summarized in table
I have been performed for three different targets: a pure
tungsten target, a pure copper target and a composite
target made from copper with 37 tungsten pellets of 3
mm diameter distributed over the race track (see figure
2). All targets were 3 mm in thickness and exhibited
similar erosion depths in the race track area. To identify
systematic errors such as time-dependent changes in the
surface condition of the target, several parameter settings
have been measured twice at different times during the
variation. The resulting deviation is represented as error
bars in the presented measurement results.

CuCu/37W

Figure 2: Photograph of the utilized Cu/37W (left) and pure Cu
(right) 3 inch targets used in the gas aggregation source. The

pure W target is not shown.

III. UTILIZED PROBES

All measurements were performed subsequently with
three different kind of probes centered on the chamber
and magnetron axis at approximately the same distance
to the target. The Langmuir probe measurements were
performed using the PTP substrate as a planar Langmuir
probe which was biased using a copper wire. The corre-
sponding plasma parameters were primarily calculated to
allow an estimation of the energy flux by ions and elec-
trons and are, thus, not discussed in greater detail in this
study.

A. Quartz crystal microbalance

For the measurement of the deposition rate, a com-
mercially available quartz crystal microbalance (QCM)
IL150 from Intellemetrics Global Ltd with a gold coated
14 mm diameter crystal without water cooling has been
used. As described in section II, the QCM was intro-
duced to the chamber using the same mount as used for
the PTP. Due to the different probe geometry, the QCM
sensor was positioned at a slightly farther distance of 20
mm to the target surface at standard position. Since the
QCM detects the change of mass on the quartz crystal,
it is necessary to provide material specific constants to
allow the calculation of the deposition rate in nm/min23.
Since, the determined deposition rate calculated from the
change of mass is directly proportional to the assumed
film density that has been set as an input parameter in
the IL 150, it is necessary to obtain realistic densities for
the different utilized targets. This was achieved by per-
forming test depositions at different parameters allowing
to deduce effective densities from thickness and weight
measurements. The resulting densities which were used
for the determination of the deposition rates presented
in section IV A are summarized in table II. It should be
noted that the measured densities are lower as compared
to the values of bulk metals which is due to the highly
porous character of deposited nanoparticle films.

Although the determined densities from these test de-
positions showed relatively small errors, later depositions
with different substrate holder configurations or sub-
strate material showed strongly deviating results. For
this reason, the results of the QCM are only evaluated
regarding their relative changes for each investigated tar-
get. Here it should be noted, that the change of film
density for the different investigated conditions will re-
sult in somewhat erroneous deposition rates. However,
this effect is expected to be small compared to the general
trends and is not further considered for sake of simplicity.

B. Passive thermal probe

For the energy flux measurements inside the aggrega-
tion chamber a passive thermal probe was side-mounted
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Table I: Experimental parameters used for the parameter variations performed for three different targets, with the varied values printed
bold. All experiments were performed with argon and the magnetron in was operated in current regulated mode. The standard

condition was chosen to be at 16 mm distance to the target, 500 mA current and 60 Pa pressure.

variation of
distance

variation of
current

variation of
pressure

distance (mm) 16 - 66 16 16
current (mA) 500 50 - 500 500
pressure (Pa) 60 60 20 - 210

Table II: Experimentally determined film densities for the three
investigated targets.

density (g/cm3)
target material bulk determined
composite (Cu/37W) 11.4 ± 0.9
copper 8.96 7.4 ± 0.6
tungsten 19.3 11.4 ± 0.8

at a distance of 16 mm to the magnetron target and fac-
ing the target (see figure 1). A detailed description of this
probe and the evaluation of the measurement is presented
here as the understanding of the procedure is important
for the discussion of the results in section IV. The probe
utilized in the experiments consists of a sensor plate (sub-
strate dummy) made of copper with a diameter of 11 mm
and a thickness of 70 µm. Spot-welded to the back of it
is a Type K thermocouple and an additional copper wire
for biasing and current readings24. The sensor plate is
surrounded by a metallic shielding to make sure, that
only contributions from the upper half-space are consid-
ered. A schematic drawing of the PTP design is shown
in figure 3.

sensor head

retainer screw

probe mount

copper platelet

type K + bias wire

ceramic tube

base cylinder (steel)

shield (steel)

Figure 3: Schematic drawing of the PTP sensor head. The Type
K thermocouple and the bias wire are spot-welded to the back of

the copper platelet that represents the substrate. The whole
sensor is housed in a stainless steel cylinder to shield it from any
surrounding influences other than the ones coming from the upper

half-space.

It should be noted that the PTP always measures a
time-averaged and integrated energy flux that is gen-
erated by various energy sources and processes such as
charged and neutral particles, surface processes like film
formation or radiation from a hot target or chamber
walls, respectively. The basic idea of the PTP is to cal-
culate the energy flux from the relation between the time
derivative of the enthalpy (Ḣ) and the time derivative of

the temperature (Ṫs) of a well defined substrate dummy.
During the heating (Th - energy source on) and the cool-
ing (Tc - energy source off) of the substrate dummy this
relation yields:

Heating: Ḣh = CsṪh = Pin − Pout,h (1)

Cooling: Ḣc = CsṪc = −Pout,c (2)

Here Cs is the heat capacity of the probe, Pin gives the
power from the source and Pout,h and Pout,c denote the
power leaving the probe during heating and cooling, re-
spectively. Assuming that the negative cooling terms of
equation 1 and 2 are equal for the same substrate temper-
atures (Pout,h(Ts) = Pout,c(Ts)), the equations for heat-
ing and cooling can be combined to calculate the energy
flux Jin:

Jin =
Pin

As
=
Cs

As

(
Ṫh − Ṫc

)
, (3)

There are several different methods of evaluating
calorimetric temperature curves, however, if the power
source is capable of fast switching between off- and on-
states, the most desirable method is the so-called kink
method. The main reason for this is that for the assump-
tion of equal cooling terms during the heating and the
cooling phase, any energy flux originating from secondary
heat sources has to be constant for the investigated time
period. When evaluating with the kink method, as de-
scribed in25, only a short time period of about 2 s around
the kinks between the cooling and heating phases are
evaluated. This means, that the above-mentioned as-
sumption only needs to apply in this short time frame.
Accordingly, any contribution to the energy flux which is
relatively constant during this time period does not sig-
nificantly influence the measured energy flux. Through
different measurement procedures, this allows to elim-
inate certain effects from the measurement results. For
example in the case investigated in this study, the contri-
bution from target radiation does not appear in the mea-
surement since the target temperature can be assumed
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to be approximately constant during the short measure-
ment time of a few seconds. If instead, the probe would
be turned away on plasma shut-off or if a cooled shutter
is used to shut off the energy flux, the target radiation
would be included in the measurement.

The kink that evolves when switching the power source
on from an off-state is referred to as heating kink and the
kink that is created when the power source is switched
off again, and the next cooling phase starts, is referred to
as cooling kink. From both kinks an accurate measure-
ment of the energy flux at these times is obtained and
any potential discrepancy between those two results can
already be a valuable hint for the stability of the inves-
tigated process and the reliability of the measurement
method. In figure 4 an exemplary temperature curve
with clearly labeled cooling and heating phases as well
as evaluated points and corresponding linear fits around
the kinks are presented.

Figure 4: Exemplary evaluation of a PTP curve with heating and
cooling kink. The highlighted areas in red and blue denote the

data points that were used for the linear fits.

By subtracting the slopes of the two linear fits around
the kinks, Ṫh − Ṫc can be easily obtained and the en-
ergy flux can be calculated from equation 3, using the
heat capacity Cs and surface area As of the probe. The
heat capacity was determined before and after the mea-
surement campaign using a calibration experiment intro-
duced in24. The obtained values Cs,before = 0.027 J/K
and Cs,after = 0.036 J/K show a significant deviation
which is a result of the film deposited on the probe sur-
face through the course of the measurement campaign.
Figure 5 shows a microscopic photograph of the cross
section of this film onto the PTP, where the temporal
sequence of the measurements are mirrored by the color
of the coating; first the copper target was investigated,
second the composite target and last the pure tungsten.

To compensate for the gradual increase of the heat
capacity, for each variation the value used for the evalua-
tion of the PTP data was approximated by an interpola-
tion taking into account the time the probe was exposed

ti
m

e

10 µm

Figure 5: Photograph of the deposited film on the PTP after the
measurement campaign. The film was broken off from the probe

and investigated under a microscope. Note the copper layer at the
bottom exhibiting a somewhat grainy growth structure, followed
by the film deposited with the composite target (middle layer)
and the top tungsten layer, which exhibits a more columnar

growth structure.

to the plasma e.g. for the data from the first variation
(distance-Cu) the initial value of 0.027 J/K was used, for
the variation in the middle (e.g. pressure-Cu/37W) an
adjusted value of 0.030 J/K was used and for the last
variation (pressure-W) the final value of 0.036 J/K was
used.

IV. RESULTS AND DISCUSSION

A summary of the results obtained with the QCM and
the PTP together with the corresponding values of the
magnetron power are presented in figure 6. In the follow-
ing section these complex correlations will be described
along the discussion focused on the calorimetric results
using QCM and Langmuir data to gain insights into the
composition of the energy flux. The SEM images are
used to provide a concrete connection between the mea-
sured values and the nanoparticle growth and are shortly
discussed at the end of this section.

A. Deposition rate

The trends for the deposition rate, which were ob-
tained for the parameter variations introduced in table
I, are shown in the second row of figure 6. Here we ob-
serve an almost linear trend for the distance- and the
magnetron current variation, while the pressure variation
exhibits a somewhat more complex dependence.

In a simple model, the deposition rate is mostly defined
by two basic processes: (i) the production of sputtered
atoms and (ii) the transport of sputtered atoms. The pro-
duction of sputtered atoms depends on the sputter yield
γs and the amount of species (energetic ions and neutrals)
impinging on the target surface. A characteristic value
which can be associated to the latter quantity, is the mag-
netron current since it is approximately proportional to
the amount of kinetic species arriving at the target sur-
face. The sputter yield can be expected to be a function
of the mass ratio between target and impinging species
as well as of the energy of the impinging particles. This
dependence has been investigated and semi-empirically
described by many groups, however, especially for the
lower energy range, still no universally accepted model is
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Figure 6: Summary of the deposition rates obtained for the investigated targets and parameter variations. (a) variation of distance
between probe and target with 500 mA current and 60 Pa. Unfortunately, no distance variation while measuring the deposition rate for
tungsten has been performed. (b) variation of magnetron discharge current at 60 Pa and 16 mm distance, (c) variation of gas pressure
with 500 mA current at 16 mm. Error bars obtained from repeated measurements are shown for the variation of magnetron current (b)
and argon pressure (c), although in the latter case no repeated measurements were performed with tungsten. For most conditions the

energy flux measurements showed a very good reproducibility, making the error bars smaller than the data points. The bold letters mark
the data points for the corresponding SEM images (see fig. 9 and 10) in the different conditions.

available26,27. However, qualitatively all studies describe
an approximately linear increase with increasing energy
of the bombarding species and impinging- to target-mass
ratio for the parameter region relevant in this study28.
Taking into account the changes of magnetron power pre-
sented in the first row of figure 6b, the observed evolution
of deposition rate as a function of the magnetron current
can be understood directly due to the changes in particle
production. For Cu and W we observe an increase of the
deposition rate with an approximately linear dependence,
while for Cu/37W we observe an above linear increase as
a function of the magnetron current. This evolution is
mostly driven by the increase of the amount of kinetic
atoms arriving at the target cathode which was increased
by one order of magnitude. While this would result in
a strictly linear dependence, the effect of increased mag-
netron voltage (∆Umdx∼40 V from 50 mA to 500 mA)
provides an additional factor due to the aforementioned

increase in sputter yield.

To explain the results obtained for the variation of dis-
tance and pressure (second row figure 6a and 6c), the
transport of the species from the target to the probe sur-
face needs to be taken into account as well. In the inves-
tigated pressure regime the transport is strongly domi-
nated by collisions with the background gas and with a
mean free path in the sub-millimeter range, a diffusion-
dominated transport can be expected. Using the com-
mon approach based on a Maxwellian gas with collisions
described by the Poisson distribution, the mean free path
λmfp for copper and tungsten in argon can be plotted as
a function of the background pressure as shown in fig-
ure 729. When comparing this figure to the deposition
rate obtained for the pressure variation, the resemblance
between the two curves suggests, that the observed de-
pendence is dominantly defined by the collision frequency
of the sputtered particles with the background gas. This
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trend is additionally amplified by the increase in mag-
netron power and voltage shown in the first row of figure
6c which leads to an increased sputter yield for lower
pressures.
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Figure 7: Calculation of the mean free path for copper and
tungsten in argon at 300 K according to kinetic gas theory.

The linear decrease for greater distances between tar-
get and probe can be directly understood as a result of
the linearly increasing number of collisions the sputtered
particles undergo as they drift towards the probe. While
the axial drift does not result in a decreasing flux, the dif-
fusion perpendicular to the chamber axis and associated
losses on the wall result in a decrease of the sputtered
flux. For comparable systems with diffusion transport
this has been theoretically and experimentally observed
by Westwood30 and Ecker et al.31.

The conspicuous deviation between the values ob-
tained by the QCM for the compound target compared
to the other two targets are not explicable from the data
obtained in this study. Since separate determination
of the deposition rate by sample deposition and subse-
quent measurement of the film thickness have not shown
a strongly increased deposition rate for Cu/37W, the
deviation is likely attributed to some systematic error.
Similarly, the absolute QCM values for Cu and W did
not match with the values obtained from sample deposi-
tions and ex-situ investigations that were performed for
selected discharge parameters. The similarity, in spite of
different sputtering yields, between copper and tungsten
is thus likely attributed to systematic errors as well.

B. Energy flux measurements

As described in section III B, the energy flux obtained
with the PTP is a time- and energy integrated quantity
which reflects the energy flux originating from a complex
set of processes29,32. In the case of magnetron sputter-
ing in the conventional pressure regime of up to a few
Pa, important contributions typically arise from the ki-
netic impact of particles (ions, electrons, energetic neu-

trals), from recombination processes at the surface or
from the sublimation enthalpy which is released during
film formation on the substrate. In typical DC mag-
netron sputtering experiments, the contributions origi-
nating from the ion-electron recombination and the ki-
netic flux of ions and electrons to the probe surface
only contribute a few percent unless the substrate is bi-
ased to voltages significantly different from the floating
potential33,34. The Langmuir measurements performed
in this study resulted in ion current densities in the range
of 10−3 − 10−1 mA/cm2, maximum differences between
plasma and floating potential of ∼12 V, approximate elec-
tron temperatures of around 2 eV and electron densi-
ties of ∼1015 m−3. According to the common theory
described, e.g. by Kersten et al.35 and Depla et al.36,
the contribution due to ions and electrons can be easily
calculated to be in the range of only a few mW/cm2.
Considering the measured energy flux values of up to
several 100 mW/cm2, the observed trends must, thus, be
determined by other contributions like film condensation,
kinetic neutral particles or radiation from the plasma or
the cathode, respectively.

As the pressure increases and accordingly the mean
free paths of ions and neutral particles decreases to val-
ues several times smaller than the distance between sub-
strate and cathode, an increasing amount of energy is
transferred to the Ar background gas. This transfer of
kinetic energy into the gas volume was investigated by
Hoffman for a cylindrical magnetron sputtering source
and resulted in the concept of ’sputtering wind’ which il-
lustrates the directional non-uniform aspect of these en-
ergetic fluxes37. Inspired by this work, a detailed study
investigating the reduction of the gas density in front
of a planar magnetron cathode has been performed by
Rossnagel38. Herein, the so called ’rarefaction’ of the
gas was measured as an apparent pressure reduction and
was thoroughly investigated for different combinations of
gases and target materials. These investigations revealed
a density reduction of up to 85% for high pressure (4 Pa)
and high magnetron power and pointed out the sputtered
particles as the main driver of the gas rarefaction. Us-
ing the Monte Carlo technique, Turner39 calculated sim-
ilar results which coincided with the observations made
by Rossnagel. From these calculations, additional pa-
rameters affecting the efficiency of the energy coupling
between the sputtered and the background gas atoms
have been identified. Besides the sputtering yield, the
binding energy of the target material and the collision
cross-section and average fraction of energy transferred
between sputtered particles and background gas have all
been found to produce greater rarefaction for higher val-
ues. The corresponding values for the two materials used
in this study are summarized in table III.

Although the above-mentioned measurements and sim-
ulations were performed in a lower pressure regime (<20
Pa), the same principles apply in the GAS discharge in-
vestigated in this study. As mentioned above, due to the
short mean free paths, we expect the sputtered flux to

138



7

Table III: Relevant parameters for energy transfer from sputtered
atoms to the background gas: sputtering yield Y for sputtering

ion energy of 300 eV40, binding energy Ebin, collision
cross-section σ29 and average fraction of energy transferred from
the sputtered atom per collision Rte

30. The last column gives the
energy reflection coefficient RE of the target material for

bombardment by 400 eV argon ions41,42.

Y Ebin (eV) σ (nm2) Rte RE

Cu 1.59 3.5 0.54 0.57 0.01
W 0.40 8.8 1.18 0.31 0.12

be thermalized within a short distance from the cath-
ode surface. However, as demonstrated by Urbassek et
al. this distance is significantly underestimated if the
coupling between the energetic copper particle flow and
the argon background gas is neglected43. It is difficult
to estimate the exact distance where the gas reaches the
highest temperature or to estimate the actual mean free
path, however, taking into account the obtained mea-
surement data, we can make the following assumptions
for our system:

I. strong rarefaction with severe reduction of gas den-
sity close to the target surface

II. the rarefaction is dominantly driven by the sput-
tered metal atoms

III. due to the rarefaction, the mean free path for re-
flected Ar neutrals is sufficiently long for them to
reach the probe with high energies

Assumptions I. and II. can be directly derived from the
recorded magnetron power. A typical signature of rar-
efaction is the increase of magnetron voltage due to the
increased impedance of the plasma38. From the param-
eters given in table III it can be expected, that the rar-
efaction is more pronounced and strongest at a position
much closer to the target for the cases where copper is
present in the system as compared to the case where only
tungsten is driving the rarefaction. This can be under-
stood as a result of the shorter mean free path and more
efficient energy exchange between the sputtered atoms
and the background gas. The resulting reduction of gas
density can be observed as an increase in magnetron volt-
age and power in the first row of figure 6. Here we see
almost identical values for the pure copper and the com-
posite target while for tungsten persistently lower values
are obtained. Although this could be an effect of differ-
ent secondary electron yields of copper (1.3) as compared
to tungsten (1.0)44, this should actually result in a lower
required voltage for copper as for tungsten to sustain the
same current setpoint. However, figure 6 exhibits higher
voltage values for copper which contradicts with this hy-
pothesis and emphasizes the importance of rarefaction
for the discharge parameters in this pressure regime. The
similarity observed between the composite target and the
pure copper target also underlines the dominance of cop-
per as a driver of the rarefaction close to the target and

it indicates that the rarefaction close to the target is al-
ready saturated with the amount of copper available from
the composite target.

Assumption III. can be derived from the similarity be-
tween the energy flux of the composite and the tungsten
target which is observed in all measurements in the third
row of figure 6 and from an analysis of the possible con-
tributions to the integral energy flux.

From the Langmuir probe measurements it was derived
that the energy flux is not strongly affected by the con-
tribution due to electrons and ions and must, therefore,
originate from other processes. The plasma radiation can
also be eliminated from the list of possible origins, since
the typically observed values41,45 are too low and the ex-
pected changes do not reflect the observed trends. Thus,
the energy flux can only be attributed to the sputtered
particles, to the reflected particles or to the conduction
from the heated gas.

In terms of energy flux, rarefaction can primarily be
understood as a loss mechanism. Since the directed en-
ergy flux of the sputtered particles is transformed into
thermal energy of the gas, the energy is transferred less
directly and with losses due to the isotropic nature of the
energy flux from the heated gas. In general the maximum
of gas temperature can be expected to be close the region
where the majority of the sputtered particles are thermal-
ized. For the investigated high pressures we expect this
region to be quite close to the target i.e. less than 16
mm away from the target. While the sputtered atoms
are expected to be mostly thermalized, the longer mean
free path of the fast reflected argon atoms allows them to
reach the probe with a significant fraction of their initial
energy. The energy flux should, thus, be a composition
of the energy released during the film formation, the ki-
netic energy transferred upon impact of reflected argon
and the heat conducted from the hottest point of the
gas towards the substrate surface. As mentioned above,
this last contribution increases as a result of stronger en-
ergy losses of the sputtered atoms and is expected to be
strongest for copper, since the most efficient rarefaction
is expected for this material. If this effect would be crit-
ical for the energy flux we should expect, analogous to
the results of the magnetron power, a similar energy flux
for the copper- and the composite target. Instead, we
observe a strong resemblance between the energy flux of
the composite- and the tungsten target. This observa-
tion suggests that the energy flux is directly related to
the presence of tungsten in the target. From table III it
can be seen that tungsten exhibits more than twice the
binding energy of copper, which accordingly results in
about twice the energy flux from film condensation per
deposited atom. However, to achieve energy flux values
as high as obtained here solely from the released heat
of condensation, deposition rates five times the values
observed in the QCM measurements would be required.
Therefore, the energy deposited by the reflected argon
is assumed to be the dominant contribution to the inte-
gral energy flux, especially in the cases of the composite
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and the tungsten target. The energy reflection coefficient
RE describes the ratio of energy reflected from the tar-
get upon impact of an ion and is given in table III for
the case of 400 eV argon ions. Due to the small mass
ratio between argon and tungsten, more than 10% of the
energy is reflected in the form of fast neutrals, while for
copper only about 1% is reflected. From figure 2 it is
visible that for the composite target, a high percentage
of the racetrack area is made up of tungsten and we can,
thus, expect a comparable amount of fast reflected par-
ticles as compared to the pure tungsten target. Taking
into account the different magnetron powers, a similarly
high energy flux between the two target systems can be
expected. We conclude that the kinetic energy from the
sputtered particles is likely dissipated by the heating of
the gas and that conduction of heat through the gas only
contributes a relatively small portion to the integral en-
ergy flux. The energy released during film formation is
expected to contribute a considerable amount. However,
it is found to be significantly smaller than the energy
flux attributed to the kinetic impact of reflected neutral
particles.

Since the energy flux can be understood as power
transfer from the target towards the substrate, it is ex-
pected that it changes proportionally with the input
power of the magnetron. If a strong change in power is
present, this usually dominates the change in the energy
flux as it is evident in the strong resemblance between
magnetron power and energy flux for the variation of the
magnetron current (see figure 6b). Eliminating this di-
rect proportional effect, the measurement data allows for
better comparison between different systems and empha-
sizes other, less dominant effects. One way to achieve this
is by combining the results obtained for the magnetron
power Pmag and the energy flux Js to calculate a value for
ratio η of the power transfer with the following equation:

η =
Js

Pmag/Amag
, (4)

with Amag being the target surface area. Such normal-
ized results are summarized in figure 8.

After taking into account the increased magnetron
power for Cu and Cu/37W, tungsten exhibits the high-
est energy flux values compared to the other two tar-
gets in all variation runs (see figure 8). A similar differ-
ence in energy flux between Cu and W has been observed
by Harbauer et al.46 in the conventional lower pressure
regime. Although they observed three times higher de-
position rates for copper as compared to tungsten, they
obtained three times higher values for the energy flux for
tungsten, which was argued to likely be a result of the
higher heat of condensation (8.8 eV for W, 3.5 eV for
Cu47). Thornton et al.45,48 obtained similar results from
their investigations of the energy flux per deposited atom.
They found that the energy transfer per deposited parti-
cle of tungsten yields about eight times the one obtained
for copper. Additional to the aforementioned higher heat
of condensation, Thornton points out the importance of

reflected argon atoms with energies up to the cathode
potential as an important contribution.

Although these investigations were done at a pressure
of roughly 1 Pa, the findings coincide with our results
shown in figure 8 and, thus, they further support the
assumption that the relevant contributions to the integral
energy flux in the higher pressure regime of 20 - 210 Pa
are similar to the ones found in the conventional pressure
regime.

Albeit, as argued in section III A, the absolute values
obtained for the deposition rate likely exhibit a signif-
icant systematic error, for sake of comparison we shall
use them here to obtain an estimate for the obtained en-
ergy per deposited atom. E.g. for the variation of the
magnetron current we calculate relatively constant ener-
gies per atom of ∼500 eV for tungsten and ∼100 eV and
∼150 eV for pure copper and the composite target, re-
spectively. As argued above, these values are too high to
be only a result of film deposition, but are most likely
attributed to the impact of reflected neutrals and heat
conduction through the gas. Compared to the values ob-
tained by Thornton et al., our values are approximately
5 times higher and compared to Drüsedau et al.41, they
are 2.5 times higher. In agreement with the observations
by Drüsedau who observed a linear increase of the en-
ergy per atom in the pressure regime from 0.1 - 10 Pa,
we observed a comparable increase for pressures below
60 Pa. Taking this trend into account the higher val-
ues obtained in this study fit reasonably well with the
results obtained by the studies in the conventional pres-
sure regime. Drüsedau also supports the assumption that
reflected neutrals play a significant role as a part to the
energy flux since they calculated the fast neutrals to ac-
count for roughly 75 % of the energy per atom in the case
of tungsten (figure 9b in41).

The observation that the composite target exhibits
slightly lower normalized energy flux values than the
pure tungsten can be understood as a combination of
the smaller contribution from film formation due to the
smaller binding energy of copper and a reduction of the
contribution from reflected neutrals as a result of the re-
duced race track area covered by tungsten.

C. SEM investigations

To investigate the effect of the different energy flux
values on film formation and to compare them to the
well-established structure zone model, additional investi-
gations have been performed by an ex-situ study of four
deposited films using the composite target at a substrate
distance of 16 mm. Three films were deposited with 500
mA and pressures of p = 20 Pa, p = 60 Pa and p = 210
Pa and one film was deposited with a lower current of
100 mA at 60 Pa. The deposited films have been inves-
tigated using a scanning electron microscope (SEM) and
are presented in figures 9 and 10.

In figure 9 it can be seen that the sample for the low-
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Figure 8: Summary of PTP results normalized with the magnetron power according to equation 4. (a) variation of distance between
probe and target with 500 mA current and 60 Pa, (b) variation of magnetron discharge current at 60 Pa and 16 mm distance, (c)

variation of gas pressure with 500 mA current at 16 mm.
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Figure 9: SEM images of deposited film structures using the
Cu/37W composite target. The first row shows top view images

of the film surface and the second row shows cross sections
revealing the growth structure. All depositions were performed at
a distance of d = 16 mm and a magnetron current of Imag = 500
mA. The bold letters correlate to the letters in figure 6, indicating
the corresponding magnetron power, deposition rate and energy

flux.

est pressure (20 Pa) exhibits a structure as it is known
from common film growth. The columnar growth ap-
pears to be significantly disrupted by particles and less
organized for 60 Pa and at 210 Pa the film appears to
be completely composed of bigger particles. Comparing
the structure observed for the 20 Pa sample to the struc-
ture zone diagram (SZD) by Thornton49 or Movchan and
Demchishin50, we find a zone 1 structure which was ob-
served by Thornton for the highest investigated pressures
(∼4 Pa) or at low substrate temperatures independent of
the pressure. The surface exhibits tapered crystallites
separated by voids and the structural growth direction is
characterized by the incoming particle flux.

Similar to the case for 210 Pa (C), for condition of
100 mA magnetron current and 60 Pa pressure (D) we
find a film which is completely composed of particles as

shown in figure 10. However, now the particles exhibit
a distinctively different form and size. While in C the
film appears to be formed from relatively evenly sized ∼
20 nm particles or clusters of those particles, in D we
find a variety of different particles with smooth surfaces
and sizes ranging from ∼20 nm to 100 nm. This dif-
ference indicates, that the particles in D were formed
at a lower rate by surface growth (attachment of single
atoms), whereas the particles in C are likely formed by
cluster-cluster collisions. Taking into account the more
structured film obtained in B at the same pressure of D
but at a significantly higher magnetron current, the role
of rarefaction and initial energy of the sputtered atoms
for the NP formation becomes apparent.

200 nm200 nm

D D

Figure 10: SEM images of deposited film structures using the
Cu/37W composite target in 60 Pa at a magnetron current of 100

mA. The left image shows the surface and the right one a cross
section of the film. The bold letters correlate to the letters in

figure 6, indicating the corresponding magnetron power,
deposition rate and energy flux.

V. CONCLUSIONS

Although gas aggregation cluster sources are usually
operated in higher pressure regimes than conventional
DC magnetron sputtering systems, the basic mechanisms
contributing to the integral energy flux are compara-
ble. The current study confirms that contributions from
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charged particles (i.e. electrons and ions) and radiation
have comparably small influences on the integral energy
flux. Similar to the conventional low pressure sputter-
ing regime the integral energy flux is mainly driven by
the contribution due to film condensation and reflected
neutrals, with the latter being strongly dependent on the
mass ratio between gas and target atoms. This was espe-
cially evident in the strong resemblance observed in the
energy flux between the pure tungsten and the compos-
ite target. Gas rarefaction and its accompanying effects
were argued to be a significant mechanism in the investi-
gated system as the reduction of the gas density and the
associated increase in λmfp allowed the reflected neutrals
to reach the substrate surface with high energies creating
a significant contribution to the energy flux.
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Motivation:

As a relatively new technique, the combination of HiPIMS and PBII has only been investi-
gated by relatively few researchers. However, from the extensive experience in both separate
fields, many findings can be applied here as well. The interaction between the processes is
particularly interesting since PBII and HiPIMS are both pulsed processes, which makes the
synchronization a critical parameter. Measurement of the energy flux along with the current
and voltage characteristics of the PBII substrate, promises to provide insights into processes
regarding particle transport and interaction between the HiPIMS plasma and the PBII pulse
and can thus help to increase the overall understanding of this new method.
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Main results:

Since a direct application of the PBII pulse on the PTP substrate would destroy the probe
electronics, a different approach was chosen. By positioning the PTP underneath a grid
which acts as the PBII substrate ions passing through the grid and secondary electrons
emitted from the grid can be measured. The results confirmed that this setup allowed to
indirectly measure the effects present on the PBII substrate. The variation of the delay
between HiPIMS and PBII pulse showed a peak-like shape which reflects the evolution of
the ion density during the HiPIMS pulse. The peak-like shape indicated, that ions travel as
a relatively well-defined bunch from the cathode to the substrate.
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Abstract
The combination of high-power impulse magentron sputtering (HiPIMS) and plasma based ion
implantation (PBII) gives a versatile system which allows successive and simultaneous coating,
doping or cleaning of a substrate surface in a single process. The delay between HiPIMS and
PBII pulse is a critical parameter for the synchronization of the pulses as it defines at what time
during the HiPIMS period the high voltage is applied to the substrate. To investigate the effect of
this parameter on the energy flux towards the PBII substrate, VI-probe and calorimetric probe
measurements were performed illustrating the effect of the delay for different PBII pulse
durations and PBII voltages. The calorimetric measurements were performed utilizing a grid
setup which allowed us to derive conclusions even when using a detector that is not at the PBII
voltage. A maximum of electrical power and energy flux was observed for delay times
significantly longer than the duration of the HiPIMS pulse. The investigation of different PBII
pulse durations and PBII voltages confirmed that these parameters affect the absolute values of
the energy flux and electrical power but do not significantly affect the transport of the ions as the
PBII potential is shielded by a sheath.

Keywords: HiPIMS, PBII, thermal probe, calorimetry, magnetron, ion transport, PBII and D

1. Introduction

Deposition of thin films by magnetron sputtering is com-
monly used in a variety of technological applications for thin
films e.g. photocatalytic coatings or coatings with enhanced
wear resistance [1–3]. From this classic technique the more
versatile high-power impulse magnetron sputtering (HiPIMS)
emerged in the mid 1990s [4]. Here the magnetron discharge
is operated in a pulsed mode with duty cycles of only a few
percent or less but with a very high peak power ranging up to
several kW cm 2- [5]. During the pulse which is typical in the
range of a few sm up to a few 100 sm very high plasma den-
sities ( 10 cm19 3» - ) and a high degree of ionization (10%–

80%) of the sputtered particles are achieved, resulting in an

energetic ion flux towards the substrate [6]. Extensive
investigations by different groups focusing on the transport of
species from target to substrate revealed complex temporal
evolutions of the different species during the HiPIMS process
[7–10].

By application of a synchronized electrostatic potential
on the substrate the temporal evolution as well as the high
ionization degree of the sputtered particles can be utilized to
achieve an even better control of the film properties. This has
been successfully demonstrated in a model system for
deposition of Ti Al Nx x1- by Greczynski et al, where the
application of synchronized voltage pulses onto the substrate
led to lower stress in the coating [11]. Other studies achieved
enhanced adhesion properties using a combination of HiPIMS
and ≈−1 kV DC bias on the substrate as a pretreatment to a
regular DCMS deposition [12, 13].
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In this study HiPIMS is combined with plasma based ion
implantation (PBII) which is an established method for dop-
ing surfaces by application of a short negative high-voltage
pulse to the substrate [14]. In the PBII process the substrate is
placed in close vicinity of the plasma and due to the negative
high voltage pulse, positive ions are extracted from the
plasma and accelerated towards the surface where they are
implanted [15–17]. In [18] Anders first suggested HiPIMS as
an alternative plasma source in plasma-based ion implantation
and deposition (PBII and D), pointing out its advantages like
very good reproducibility of the ion flux or the possibility of
easy scaling to industrial size systems. In 2010 the first stu-
dies on such a combined system were presented by Wu et al
who demonstrated its efficacy by deposition of CrN with
excellent adhesion properties [19]. In the following years the
method has been further refined and applied in the deposition
of varying material systems [20–24].

A combined system of PBII and HiPIMS allows suc-
cessive or simultaneous coating, doping or etching of sub-
strate surfaces while being able to independently tune
deposition parameters e.g. energy of depositing ions or energy
flux to the substrate. The energy influx towards the substrate
during plasma operation is a crucial process parameter
affecting the surface temperature of the substrate and the film
properties [25, 26]. For example in [27] Anders presents a
structural zone model which is adapted from previous models
of Thornton and Movchan, respectively [25, 28]. The sub-
strate temperature due to the energy of the impinging species
are pointed out as important parameters for tuning the film’s
microstructure. Consequently, in the present study the energy
flux towards the substrate in the combined HiPIMS/PBII
experiment has been investigated. The energy flux is mea-
sured by means of a calorimetric probe as described in
[29–31] in combination with a grid setup. The combination of
grid and calorimetric probe provided a time- and energy-
integrated quantitative measure for the power deposited on
the substrate and, thus, also for the substrate temperature. In
order to monitor the HiPIMS discharge and to obtain infor-
mation about the transport of ions towards the substrate, time
resolved VI-measurements of the magnetron as well as of the
substrate are performed.

A crucial parameter of the HiPIMS/PBII system is the
triggering of the PBII pulse and in particular the delay
between HiPIMS and PBII pulse. The delay time determines
at which time during the HiPIMS period the negative high
voltage PBII pulse is applied to the substrate. Since the
amount and composition of the ions in the vicinity of the
substrate are changing strongly during the HiPIMS period,
proportional changes in ion flux and energy flux densities can
be expected [11, 32–34]. In the present study variations of
energy flux density and electrical power on the substrate as a
function of the delay time have been investigated for different
PBII pulse durations and amplitudes. As expected, the mea-
surements exhibit a direct correlation between the process
parameter delay and the ion flux as well as the energy flux
towards the substrate for different PBII voltages and pulse
durations.

2. Experiment

2.1. Experimental setup and plasma diagnostics

The goal of our study is to investigate the energy flux towards
a high voltage pulsed substrate. The direct measurement of
the energy influx, however, is very difficult because the high
bias voltages would damage the probe electronics if it would
be used directly as a substrate. Therefore, a different approach
was chosen to achieve an indirect measure of the energy
arriving at the PBII substrate during the HiPIMS process. In
the utilized setup the calorimetric probe was placed 1 cm
below a high voltage pulsed grid (wire diameter 0.25 mm,
mesh width 1.66 mm, transparancy 73%) and connected to
ground, see figure 1. In this setup the grid is the PBII substrate
and due to its partial transparency, highly energetic ions can
pass through the grid and create a significant energy flux on
the calorimetric probe placed below. If no potential is applied
to the grid the plasma can move through it quite freely as the
Debye length is in the range of a few mm , and thus much
smaller than the mesh width of the grid [35].

The probe and the grid were positioned in a rectangular
vacuum vessel with a volume of approximately 300 l which
was equipped with a 4 inch copper magnetron. The magne-
tron had balanced magnetic field configuration and was
powered by a Melec HiPIMS power supply with rectangular
voltage pulses. To realize the calorimetric measurements the
magnetron was equipped with a pneumatic shutter which was
mounted directly in front of the magnetron. The PBII sub-
strate was a 10 cm × 20 cm copper grid fixed on a frame,
which was mounted on a custom build substrate holder and
powered by a GBS power supply designed for PBII pro-
cesses. The start of the PBII pulse was triggered on the
HiPIMS pulse and could be adjusted by an SRS DG645 delay

Figure 1. Schematic drawing of the experimental setup. The bold
black box resembles the vacuum chamber.
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generator. The delay is defined as the time from the start of
the HiPIMS pulse to the middle of the PBII pulse.

In table 1 a summary is given of the parameters used for
the experiments, which were performed in argon and with a
distance of about 22 cm between the surface of the magnetron
target and the substrate grid.

In addition to the aforementioned calorimetric probe
measurement, the PBII substrate as well as the magnetron
were monitored with VI-probes. The measurements were
performed simultaneously to allow a comparison of the
results. While the thermal probe provides an energy and time
integrated value over a period of a few seconds, the VI
measurements are highly time-resolved. The signals were
monitored and recorded by an oscilloscope (40 ns time
resolution) which is directly connected to the designated
outputs at the power supplies. The recorded signals are
averaged over 10 periods.

2.2. Concept of calorimetric probe (PTP)

The measurements of the energy flux density were performed
by a passive thermal probe (PTP) as shown in figure 2. This
type of probe was introduced by Thornton in 1978 [36] and
since that time it has been successfully utilized in a variety of
plasma environments [26, 30, 31, 37, 38]. The probe consists
of a Type K thermocouple which is attached to a dummy
substrate made of copper with a diameter of 20 mm and a
thickness of 100 mm . For probe biasing an additional copper
wire is welded to the back of the dummy substrate and a
ceramic shield guaranties that only energy influx to the sub-
strate surface facing the plasma is measured. A detailed
description of the probe and information about the method for
determining its heat capacity CS can be found in [30, 39].

The concept for the determination of the energy flux is
based on the relation between the time derivative of the
enthalpy Ḣ and the time derivative of the temperature Ṫ
during the heating (energy source switched on) and the
cooling (energy source switched off) of the PTP’s dummy
substrate as given in the following equations:

H C T P PHeating: , 1h S h hin out,= = -˙ ˙ ( )

H C T PCooling: . 2c S c cout,= = -˙ ˙ ( )

Here CS stands for the heat capacity of the probe, Pin gives the
energy influx from the heat source, and P hout, and P cout,

describe the energy leaving the probe during the heating and
the cooling phase accordingly. Under the assumption that the
energy flux leaving the substrate during the heating phase
equals the energy flux during the cooling phase at the same
temperatures, equations (1) and (2) can be combined to cal-
culate the energy flux density Jin:
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To ensure that the aforementioned assumption P Th hout, =( )
P Tc cout, ( ) is fulfilled, one has to ensure that any heat flux due
to secondary heat sources are constant for the monitored time
period. This can be best achieved by minimizing the time
where this assumption must apply. To realize this require-
ment, only the temperature changes in a short time around the
start and the shut off of the power source are evaluated. In
figure 3 this method of evaluation is demonstrated for a
typical measurement curve of the performed experiments. The
plot shows the determination of the temperature derivative by
linear fits which give a good approximation of the exponential
slope of the probe temperature for short times.

2.3. Evaluation of the PBII VI-data

From the combination of HiPIMS and PBII we expect strong
changes in the amount of implanted ions as a function of the
delay between HiPIMS and PBII pulse due to changes in the
ion density at the sheath edge [34]. These changes were
monitored using an oscilloscope which measured the sub-
strate current and voltage in situ. As the energy flux can be
expected to be mainly attributed to the ions impinging on the

Table 1. HiPIMS and PBII parameters for the presented measurements with the variation parameter printed bold. The HIPIMS and PBII
frequency was 100 Hz for all measurements and the on-time of the HiPIMS pulse was kept constant at 200 sm . The delay is defined as the
delay from the start of the HiPIMS pulse to the middle of the PBII pulse.

HiPIMS parameters PBII parameters

Variation of PBII pulse duration Voltage (V) 600 Voltage (kV) −3
Peak power density (kW cm 2- ) 0.88 Delay ( sm ) 10–1030
Pressure (Pa) 1.5 On-time (μs) 20–60

Variation of PBII voltage Voltage (V) 580 Voltage (kV) −3–15
Peak power density (kW cm 2- ) 1.15 Delay ( sm ) 2–1002
Pressure (Pa) 1 On-time (μs) 5

Figure 2. Schematic drawing of the utilized passive thermal probe.
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substrate, it is particularly interesting to measure the time
averaged amount and power of these ions to obtain a value
which is directly comparable to the energy flux measured by
the PTP. In order to achieve this, the time resolved VI mea-
surements of the oscilloscope were used to obtain the time
averaged PBII power, which allows a direct comparison of
both diagnostics. This value can be determined by calculating
the time resolved PBII power from the measured current and
voltage. Then, the time averaged PBII power during one
HiPIMS period is calculated according to the following
equation:

P P
t

T
. 4PBII,avg PBII,rec

rec

HiPIMS
= · ( )

Here PPBII,rec is the average of the time resolved power over
the recorded time period trec and THiPIMS is the HiPIMS

period. To illustrate this evaluation, in figure 4 a compilation
of the raw PBII power measurements as recorded with the
oscilloscope for a typical delay variation is given as colored
curves, with each peak corresponding to one delay value.
Each measurement curve is then used to calculate one data
point of the time averaged electrical power according to
equation (4). The resulting values are displayed as blue data
points in figure 4. As expected, the raw PBII power is
dominated by the strong power pulse during the on-time of
the PBII pulse and the value of the calculated time averaged
power is defined by the amplitude and width of the raw PBII
power pulse. The resulting graph of the evaluated data in
figure 4 displays strong changes of the electrical power on the
grid as a function of the delay and indicates a maximum of
implanted ions around 260 sm .

3. Results and discussion

3.1. HiPIMS VI-probe measurements

As the HiPIMS plasma source is the primary energy source of
the combined experiment it was essential to continuously
monitor the pulse characteristics. Doing this not only enabled
us to ensure the reproducibility of the measurement condi-
tions but also allowed a basic characterization of the HiPIMS
conditions, giving a basis for comparison with other systems.

In figure 5 typical current–voltage–time characteristics as
obtained by the HiPIMS VI-probe for the two different
HiPIMS operation points at 1.5 and 1 Pa are presented. For
both operation points the measurements show high peak
currents of about 100 and 150 A, respectively, which are
typical characteristics of the HiPIMS discharge. Although this
results in peak power densities of 0.88 and 1.15 kW cm 2- ,
(calculated for the whole target area), the time averaged
HiPIMS power is only in the range of about 20 W cm 2- . This

Figure 3. Exemplary evaluation of the temperature curve for a delay of 100ms, 5 sm PBII pulse duration and 3 kV PBII voltage. The pressure
is 1 Pa and the HiPIMS setpoint is 580 V with 200 sm pulse duration at 100 Hz frequency. From a single heating curve which always consists
of three phases (two phases with the energy source being switched off and one phase, in-between, with the energy source switched on) two
measurement values of the energy flux are obtained. The values correspond to the energy immediately after switching on the plasma (heating
kink) and right before switching it off (cooling kink). On the right side of the figure a detailed view of the heating kink with the selected data
points for fitting (blue and red) and corresponding fits (violet) is shown.

Figure 4. Accumulated data of the grid’s VI probe from the delay
variation at 15 kV PBII voltage and 5 sm PBII pulse duration. The
pressure is 1 Pa and the HiPIMS setpoint is at 580 V with 200 sm
pulse duration and 100 Hz frequency. The plot shows a summary of
the raw PBII power as measured by the oscilloscope for a complete
delay variation with each peak corresponding to one delay value.
Additionally to the raw data the evaluated data according to
equation (4) is given as blue data points with its axis on the right.

4

Plasma Sources Sci. Technol. 26 (2017) 065013 S Gauter et al

150



fact emphasizes the advantage of HiPIMS, e.g. a high degree
of ionization with low heat load onto the target and substrate,
resulting in increased film and deposition properties com-
pared to conventional magnetron sputtering [40]. As the
HiPIMS parameters were kept constant within the two para-
meter sets (table 1), the resulting VI-characteristics were quite
similar and have proven not to be affected by any changes in
the PBII pulse.

3.2. PBII VI-probe and PTP measurements

Due to the pulsed nature of the HiPIMS discharge, the delay
between HiPIMS pulse and PBII pulse is a specifically critical
parameter for our combined system. In the following this
parameter is investigated by simultaneous measurement of the
electrical power at the substrate grid and the energy flux onto
the PTP, allowing a direct comparison of the two quantities.
To demonstrate the effects of the PBII setup the delay was
investigated for different settings of the critical PBII para-
meters pulse duration and pulse amplitude.

The pulse duration is an important parameter since the
sheath—for sufficiently high voltages—is continuously
expanding during the PBII pulse. In our case we examined
pulse durations of 20 sm and longer for a voltage of −3 kV.
As this is a relatively low voltage compared to typical PBII
voltages, the sheath only expands until a certain limit and
stays stationary afterwards [41]. Thus, for sufficiently long
pulse durations we expect that detected changes are mainly
attributed to alterations in the plasma at the sheath edge
during the on-time of the PBII pulse. The amplitude is a
critical parameter as it directly corresponds to the energy of
the arriving ions at the substrate and, thus, primarily defines
ion implantation depth or e.g. film stress [17]. For our mea-
surements it is expected to be just as important, since the
increased energy directly affects the electrical power and
energy flux to the substrate.

In figure 6 the results for the evaluation of the PBII VI-
probe and the PTP for the performed delay variations with
different PBII pulse durations are compiled. To illustrate any
resemblance between the target power and the measured
values at the substrate, the corresponding HiPIMS power
measurement is added as a gray shade to the graphs. Both
electrical power and the energy flux show peak-like shapes
with the maximum being delayed by approximately s60 70 m–
from the end of the HiPIMS pulse for all examined PBII pulse
durations. While the position of the maximum is not affected
by the duration of the PBII pulse, the absolute values increase
for all delays.

3.2.1. Shape of the obtained energy-delay characteristic. The
relatively long arrival times of the ions indicate that the
substrate grid is well shielded for all examined delay times.
This is consistent with the results of Mishra et al [42] who
found a positive plasma potential for the complete off-time of
the HiPIMS period. This means for our setup that the PBII
substrate only interacts with the ions entering the sheath while
all other ions stay unaffected by the strong negative potential.
Thus, by triggering the PBII pulse on the HiPIMS pulse the
measured values yield a snapshot of the ion population which
is present during this particular phase of the HiPIMS period in
the substrate region.

The observed shape of the electrical power and energy
flux density reflect the changes of the ion density at the sheath
edge of the substrate. The strong changes during the HiPIMS
period and the appearance of a maximum amount of ions
arriving delayed from the end of the HiPIMS pulse agree
nicely with observations by other groups [32, 34, 43]. The
peak-like shape of the graphs in figure 6 indicate that during
the on-time of the HiPIMS pulse, a high number of ions are
able to escape the plasma torus and start moving towards the
PBII substrate as a relatively confined ion bunch. This ion
bunch/wave starts with its initial energy as obtained from the
sputter process according to the Thompson distribution

Figure 5. Typical results of the HiPIMS VI-probe for the two HiPIMS operation points. In both cases the pulse duration was 200 μs and the
frequency 100 Hz. (a) The setup used for the variation of the PBII pulse duration with 1.5 Pa and 600 V setpoint and (b) gives the VI-curves
for the setup used for the PBII voltage variation with 1 Pa and 580 V setpoint. In both figures the pulse is divided into four characteristic
regions: I—voltage applied, no plasma ignition, II—gas ion current and rarefaction, III—self-sputtering, IV—beginning of new steady state.
These regions are defined according to works of Anders et al [5].

5

Plasma Sources Sci. Technol. 26 (2017) 065013 S Gauter et al

151



[44, 45] and gets gradually slowed down and smeared out due
to collisions with the background gas. Thus, a strong increase
in energy flux and electrical power can be detected as the
delay is long enough for the front of the ion wave to arrive at
the substrate (≈150 sm ). The measured values keep rising
with higher delays as the ion density further increases until
the crest of the ion wave has passed (≈270 sm ) where it starts
decreasing again.

The investigation of the delay dependence for different
PBII voltages shows very similar phenomena as obtained for
the variation of the PBII pulse duration, see figure 7. With
increasing delay, first a rise in electrical power and energy
flux is observed which peaks at a delay of about 270 sm and
then decreases until it reaches saturation at about 700 sm .
Similar as observed for the variation of the PBII pulse
duration, the PBII voltage does not affect the position of the

maximum but only changes its absolute value. This
additionally supports the assumption that the PBII substrate
grid is continuously shielded during the whole HiPIMS
period.

3.2.2. Composition of the energy flux. Former energy flux
measurements on magnetron sputtering experiments have
shown that the energy flux decreases rapidly with larger
distances between magnetron and substrate [31, 46].
Therefore, for our experimental setup with a rather big
substrate distance of about 22 cm we only expect a small
contribution to the energy flux which is directly attributed to
typical plasma surface interactions. Instead, we expect the
energy flux to be strongly dominated by the energetic ions
which are accelerated in the potential drop close to the grid.
This assumption is supported by the strong resemblance

Figure 6. Delay variation the examined PBII pulse duration. The upper graph shows the results obtained from the PBII VI-probe and the
lower graph gives the energy flux density as detected by the PTP. The shaded area represents the time resolved course of the HiPIMS power
to the magnetron with its axis on the right.

Figure 7.Delay dependence of the obtained results for the examined PBII voltages. The upper graph shows the results obtained from the PBII
VI-probe and the lower graph gives the energy flux detected by the PTP. The shaded area represents the time resolved course of the HiPIMS
power to the magnetron with its axis on the right.
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between the measured delay dependencies by both
diagnostics which is one of the striking features in figures 6
and 7.

Taking a closer look at the motion of the ions in the
sheath of the grid, it becomes clear that the ions must oscillate
through the grid and the sheath on both sides of the grid.
Theoretical and experimental investigations suggest that for
our experiment the sheath dimension for the PBII substrate
should be in the range of a few centimeters and that the
expansion mostly happens in the first 5–10 sm after switching
on the PBII voltage [41, 47–49]. Since for the examined
conditions the mean free path is in the same range as the
sheath width [50] the motion of the ions in the sheath can be
treated as collisionless. A rough calculation of the accelera-
tion in the sheath can be obtained using the space charge
restricted potential of the Child–Langmuir sheath, which
results in the following equation for the transit time of a single
charged copper atom through the sheath [47, 51]:

t
m

e U
d3

2
. 5sheath

Cu

PBII
sheath= ·

·
· ( )

Assuming a maximum sheath thickness of dsheath=10 cm
and a minimal potential difference UPBII=3 kV we get a
transit time of about 3 sm . Therefore, with PBII pulse
durations of 5 sm and longer, we can expect the majority of
the ions entering the sheath during the PBII pulse to surpass it
and either hit the surface of the grid or pass through the mesh.
While the ions hitting the surface get absorbed and create
secondary electrons, an ion passing through the grid will be
decelerated until the point where it turns around and starts
accelerating towards the grid again. After switching off the
potential on the grid, the ions continue with their acquired
kinetic energy. In such a way, the ions entering the sheath can
swing through the grid several times depending on the
duration of the PBII pulse. As the secondary electron yield of
copper is approximately 1.5 for 3 keV Argon ions and
increasing for higher energies [52] the measured electrical
power on the grid should be predominantly created by
secondary electrons. And as the released electrons are
accelerated by the full PBII potential before arriving at the
PTP, they can also be expected to add a major contribution to
the measured energy flux, as also observed by Haase et al
[53]. The measured energy flux, therefore, should be a
superposition of the contributions from the energetic ions
escaping the potential at the end of the PBII pulse and the
secondary electrons created by the collisions on the grid. As
the secondary electrons create an increase in the measured
electrical power as well, both measured values are equally
affected, resulting in the observed resemblance between the
measurements by VI probe and PTP.

3.2.3. Effect of PBII duration and PBII voltage. Assuming the
qualitative model described above, we can take a closer look
at the obtained results for the variation of the PBII pulse
duration and amplitude. In case of the PBII pulse duration one
would expect no changes in the sheath. The sheath should
already be fully expanded and neither the amount of ions
entering the sheath nor the sheath voltage were changed.

Thus, the biggest change can be expected to be found in the
amount of ions trapped in the PBII potential due to the
increasing number of ions arriving from the plasma. By this
manner the exposure time of the aforementioned snapshot is
increased and a wider part of the ion wave is detected.
Additionally, with increasing on-time the ions oscillate more
frequent through the grid plane and, thus, the chance for
absorption by the grid and creation of secondary electrons
increases. However, since this is only a secondary effect, the
observed increase of the measured electrical power and
energy flux (figure 6) can be mainly attributed to the longer
sampling rate and the corresponding increased number of ions
entering the sheath during the pulse.

For the variation of the PBII voltage UPBII the situation
becomes a little bit more complex. The most obvious change
for increasing PBII voltages is the increase of the kinetic
energy of the impinging ions and electrons. As the ions
secondary electron yield SEl is proportional to UPBII [52]
the increase in PBII voltage not only affects the kinetic energy
but, due to increased secondary electron generation, also
increases the current and, thus, the measured electrical power
and energy flux. Taking into account these two effects, we
would expect the electrical power to be affected according to
the following equation:

P U I

I U A U

1

, 6
electrical PBII ion SE

ion PBII SE PBII
3 2

l= +

µ +

· · ( )
· ( ) ( )

with Iion being the ion current and ASE being a fit parameter
for the secondary electron yield. As can be seen from figure 8,
however, the maximum electrical power increases quadrati-
cally for our measurements and, thus, stronger than predicted
by equation (6). Therefore, other effects like larger sheath
expansion or increased oscillation frequency through the grid
appear to play a non-negligible role for the increase of the
electrical power with increasing PBII voltage. Figure 8 also
displays the corresponding maximum values of the energy
flux density for the different investigated PBII voltages. The

Figure 8. Maximum values of energy flux density and electrical
power of the grid from the delay dependencies for the variation of
the PBII voltage (see figure 7). The solid lines show different fits to
the measured values of the electrical power.
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similar slope of the curves obtained from the two diagnostics
confirms the aforementioned proportionality between the
detected current on the PBII substrate and the energy flux
density onto the PTP.

3.3. Proof of concept of indirect energy flux measurement with
PBII grid

To verify, that the experimental setup with the PTP under-
neath the grid can be used as an indicator for the power
deposited on the PBII substrate and that the observed phe-
nomena are not only created due to the presence of the grid,
measurements were performed where the PBII pulse was
directly applied to the PTP and the grid was removed from the
chamber. For these measurements the bias wire of the PTP
was directly connected to the PBII power supply. To prevent
any damaging of the probe electronics, the power supply was
operated at a voltage of −300 V for the direct measurement.
The distance between substrate and magnetron was 18 cm, the
pressure was 1.5 Pa and the PBII pulse duration was 20 sm .

In figure 9 the result of the performed delay variation
from the direct setup is plotted together with a comparable
measurement of the grid setup performed with the same
parameters but for a higher PBII voltage of −3 kV. The
obtained results reveal an excellent agreement of the delay
dependence between both setups. Both measurements show
the same characteristic peak-shape reflecting the time evol-
ution of the ion density with its maximum at a delay time of
about 240 sm . The agreement of the delay value for maximum
energy flux supports the observations obtained by the varia-
tion of the PBII voltage and clearly proofs the functionality of
the grid setup for indirect measurement of the energy flux
onto a PBII substrate.

4. Conclusion

The energy flux density and electrical power on the substrate as a
function of the delay time between HiPIMS pulse and PBII pulse

have been investigated, varying the delay from 2 sm to 1030 sm .
The measurements were performed for different settings of the
PBII pulse duration and the PBII voltage. Simultaneous with
these measurements time resolved VI-probe measurements of the
magnetron were performed.

The VI-measurements of the HiPIMS magnetron
showed typical HiPIMS characteristics with rectangular
voltage pulses which were not affected by any changes of
the substrate’s PBII settings. The energy flux was measured
with a grid setup, which was designed to obtain qualitative
results for the power deposited on the PBII substrate. A
direct comparison between energy flux measurements per-
formed with voltages applied directly to the PTP showed
excellent agreement, confirming the functionality of the grid
setup for indirect energy flux measurements. The analysis of
the results for the variation of the delay showed a peak-like
shape of the energy flux and the electrical power for all
examined conditions, reflecting the evolution of the ion
density at the sheath edge. As the PBII substrate is con-
tinuously shielded by the HiPIMS plasma, the substrate
interacts only with charge carriers in its close vicinity and,
thus, the measurements were found to provide time resolved
information about the conditions depending on the chosen
delay. With this information, the peak-like structure could
be explained by a localized ion population which escapes
the plasma region during the HiPIMS pulse and travels
through the chamber as an ion density wave causing a peak
in the measurements as the crest passes by the grid. Due to
the efficient shielding of the substrate, the arrival time of the
wave crest is not affected by the PBII pulse duration or
voltage but is mainly defined by the initial energy of the
sputtered target atoms and collisions with the background
gas. As expected, both, the increase of the PBII pulse
duration and the PBII voltage resulted in amplified values,
generated by different mechanisms. While the increase for
longer PBII pulse durations seems to be dominantly caused
by an increased number of ions arriving during the on-time
of the PBII pulse, the observed increase for higher PBII
voltages can be understood as a combination of increased
ion energy, higher secondary electron yield and larger
sheath expansion.

Overall the results underline that the combination of
HiPIMS and PBII make a versatile coating system with
complex characteristics, which can be controlled by external
parameters e.g. the delay between the HiPIMS and PBII
pulse. This delay allows direct control of the energy flux
towards the substrate and optimization for maximum ion
current, even under otherwise fixed HiPIMS and PBII para-
meters. To exploit the potential of such a combined system it
is essential to fully understand the transport of species in the
chamber and their dynamics during the HiPIMS period. The
presented study revealed some basic information about these
questions, however, to obtain a more complete insight
extensive analysis, especially of the HiPIMS parameters, are
necessary in the future.

Figure 9. Comparison of the energy flux as a function of the delay
for voltage directly applied on the probe and grid setup for indirect
measurement.
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Direct calorimetric measurements in a PBII and deposition (PBII&D) experi-
ment with a HiPIMS plasma source
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Motivation:

The results obtained in prior measurements on the combined system of HiPIMS and PBII (see
publication [V]) produced interesting results regarding the transport of the sputtered atoms
and the synchronization of the two processes. However, due to the indirect measurement
method only qualitative results were obtained and the necessary introduction of a grid into
the process created additional uncertainties. By modifying the thermal probe to allow for
direct high voltage pulsing of the probe substrate, direct quantitative measurements of the
energy flux to a PBII substrate can be achieved.
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Main results:

Using a modified passive thermal probe, time resolved information about the energy flux to
the substrate in a PBII&D system were obtained for different PBII and HiPIMS parameters.
The VI-probe and PTP measurements were in good agreement and provided insights into the
secondary electron yield of the substrate. The motion of an ion wave moving from the target
to the substrate was investigated using a time of flight method, with the results suggesting
a collision dominated transport. The arrival of this wave creates a characteristic peak which
is likely attributed to metal ions.
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A B S T R A C T

We report on direct calorimetric probe measurements in a plasma based ion implantation and deposition (PBII&
D) system, using HiPIMS as plasma and deposition source. The combination of ion implantation and physical
vapor deposition is a versatile system which allows successive and simultaneous coating, doping or cleaning of a
substrate surface in a complex, finely adjustable system. Due to the pulsed nature of both processes, the delay
between HiPIMS and PBII pulse is a crucial parameter which can be used to effectively tune the process ac-
cording to the required needs. Since the delay defines at what time during the HiPIMS period the PBII pulse is
applied to the substrate, it can also be utilized to obtain time resolved information about the ion density in the
substrate's environment.

To allow direct calorimetric measurement of a high voltage pulsed substrate, a common passive thermal
probe (PTP) was modified utilizing a fiber optic temperature sensor. With this probe, the effect of PBII voltage,
substrate distance and pressure, on the energy flux and ion current towards the PBII substrate was investigated as
a function of the delay between HiPIMS and PBII pulse. The results were successfully compared to a basic model
and revealed important information regarding substrate position, process pressure and the effect of secondary
electrons in this combined system.

1. Introduction

The utilization of HiPIMS as a source in plasma based ion im-
plantation and deposition (PBII&D) effectively combines the ad-
vantages of magnetron sputtering and ion implantation [1]. By utilizing
very low duty cycles, HiPIMS, as an enhancement of the common DC
magnetron sputtering, allows to use very high peak powers ranging up
to several kW/cm2 [2] while keeping the thermal load on the sputtering
target and the substrate low. In this way, during the pulse, very high
plasma densities (∼ 1019/m3) and a high degree of ionization (10%–80
%) of the sputtered particles are achieved [3]. The resulting flux of
energetic ions towards the substrate can be effectively exploited by
application of high voltage pulses to the substrate such as used in
plasma based ion implantation (PBII).

Due to the complex temporal evolution of the particle density
during the HiPIMS period [4], critical deposition parameters such as the
energy of the depositing particles (PBII voltage), the ratio between
highly energetic and less energetic particles (delay), or even the ratio
between the different contributions in reactive sputtering (delay and
PBII voltage) can be adjusted in a straight forward manner [5]. In 2010,

first studies on such a combined system were presented by Wu et al.
who demonstrated its efficacy by deposition of CrN with excellent ad-
hesion properties [6]. In the following years the method has been fur-
ther refined and applied in the deposition of various material systems
[7-11].

As in most deposition systems, the energy influx towards the sub-
strate during plasma operation plays a critical role as it is directly af-
fecting the surface temperature of the substrate and the film properties
[12,13]. In [14], Anders presents a refined structural zone model based
on previous models by Thornton [12] and Movchan [15], which points
out the substrate temperature and the energy flux from impinging
particles as an important parameter for tuning the film's microstructure.
Recently, we emphasized the difficulties of energy flux measurements
on high voltage pulsed substrates and introduced an indirect method
which allows to obtain qualitative results without major modifications
to the setup of the classical passive thermal probe [16]. However, this
method also showed some drawbacks like the complexity associated
with the use of a grid in the plasma and the lack of absolute values. To
eliminate these disadvantages we modified the thermal probe to allow
direct application of high voltages onto the dummy substrate of the
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probe. With this setup, the grid can be removed and absolute values for
the energy flux in a PBII&D process can be obtained, allowing for direct
comparison with the measured electrical PBII power.

2. Experiment

2.1. Experimental setup and plasma diagnostics

The probe was placed in a rectangular vacuum vessel with a volume
of approximately 300 l which was equipped with a 4 in. copper mag-
netron. The magnetron had a balanced magnetic field configuration and
was powered by a Melec HiPIMS power supply with rectangular voltage
pulses. To realize the calorimetric measurements by passive thermal
probe (PTP), the magnetron was equipped with a pneumatic shutter
mounted directly in front of the magnetron. The substrate dummy of
the PTP was pulsed with a RUP6 high voltage power supply from GBS
Elektronik GmbH designed for PBII processes. The PTP dummy substrate
(100 μm thick copper disc with 2 cm diameter) was thus both, PBII
substrate, and sensor for the calorimetric measurements. The PBII pulse
was triggered on the HiPIMS pulse and the delay between the pulses
was adjusted by a Stanford Research Systems DG645 delay generator
(Fig. 1). The delay is defined as the time from the start of the HiPIMS
pulse to the middle of the PBII pulse. All experiments were performed in
argon at a HiPIMS voltage setpoint of −700 V, the values used for the
performed parameter variation are summarized in Table 1.

In addition to the calorimetric measurement, the current and vol-
tage of the PBII pulsed dummy substrate and the magnetron were
monitored. To allow accurate comparison of the results, the measure-
ments were performed simultaneously. Due to the measurement prin-
ciple, the thermal probe provides an energy and time integrated value
over a period of a few seconds. The VI measurements on the opposite
have a high time resolution (40 ns) and are performed with an oscil-
loscope connected to the designated outputs of the power supplies. For
better signal quality, the recorded values were averaged over 10 per-
iods. To allow a direct comparison of the VI measurements and the
energy flux, the time resolved current and voltage signals are used to
calculate the time averaged electrical power density. This is achieved
by calculating the time averaged PBII power, which is described in

greater detail in [16], and normalizing it to the probe area to obtain the
power density.

2.2. Concept of the calorimetric probe (PTP)

The measurements of the energy flux were performed by a passive
thermal probe (PTP). This type of probe was introduced by Thornton in
1978 [17] and since that time it has been successfully utilized in a
variety of plasma environments [13, 18-22].

To allow measurement with a high voltage biased substrate, the
measurement electronics for the temperature detection had to be
electrically isolated from the dummy substrate. This was achieved by
replacing the commonly used thermocouple with a GaAs-based fiber
optic temperature sensor from Optocon AG. In Fig. 2 a schematic
drawing of the probe is given which shows the bias wire made of copper
welded to the top of the dummy substrate. The tip of the fiber optic
sensor is attached to the back of the substrate with conductive silver
glue to enhance the thermal connection. The ceramic shield guaranties
that only energy influx to the substrate surface facing the plasma is
measured. The heat capacity of the readily assembled probe was de-
termined to be Cs=0.103 J/K by calibration in an electron beam ex-
periment as described in [23].

The concept for determination of the energy flux is based on the
relation between the probe's time derivative of the enthalpy Ḣ and the
time derivative of the temperature. Specifically distinguishing between
heating (Tḣ - energy source switched on) and cooling (Tḣ - energy source
switched off) of the PTP's dummy substrate:

= = −H C T P PHeating: ̇ ̇h s h in out h, (1)

= = −H C T PCooling: ̇ ̇ .c s c out c, (2)

Here Cs stands for the heat capacity of the probe, Pin marks the energy
influx from the heat source, and Pout,h and Pout,c describe the energy loss
of the probe during the heating and the cooling phase accordingly. For

Fig. 1. Schematic drawing of the experimental setup. The bold black box re-
sembles the vacuum chamber.

Table 1
HiPIMS and PBII parameters for the presented measurements with the varied
values printed bold. The HIPIMS and PBII frequency was 100 Hz for all mea-
surements and the on-time was kept constant at 200 μs and 5 μs for HiPIMS and
PBII, respectively. The HiPIMS discharge was operated in voltage regulated
mode at −700 V for all measurements. The delay is defined as the delay from
the start of the HiPIMS pulse to the middle of the PBII pulse and was varied
between 2 and 1002 μs.

Variation of PBII
voltage

Variation of
distance

Variation of
pressure

PBII voltage (kV) − 3 to − 7 −3 −3
Distance (cm) 24 16–33 24
Pressure (Pa) 1 1 0.5–3

Fig. 2. Schematic drawing of the utilized passive thermal probe.
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the assumption, that the energy loss during the heating phase equals the
energy loss during the cooling phase at the same temperatures, Eqs. (1)
and (2) can be combined to calculate the energy flux

= = −J P
A

C
A

T T( ̇ ̇ ),in
in

s

s

s
h c (3)

where As is the surface area of the PTP. The energy flux is thus obtained
as a relative measurement where all contributions which are equal for
the same temperature during the heating and the cooling, such as
conductive cooling or radiative cooling, do not appear in the mea-
surement.

To calculate the energy flux from Eq. (3), one only has to determine
the slope of the temperature curve during the heating phase and the
cooling phase at the same temperature. Due to the relatively low
measurement frequency (2 Hz) of the utilized fiber optic sensor, the
temperature curve has to be fitted over a longer time frame to obtain a
reliable result. In this case, −T Ṫ ̇h c can best be obtained from the dT-
curve which gives the time derivative of the temperature plotted as a
function of the temperature. Since the majority of the heat loss is due to
conduction, the course of the temperature can be approximated by an
exponential function which results in two parallel linear functions in
the dT-curve. The sought after value for −T Ṫ ̇h c can be directly ex-
tracted, as it is given by the mean of the vertical distance between the
two linear fits in the evaluated temperature range [24]. In Fig. 3 this
evaluation method is illustrated for an exemplary measurement.

2.3. Sources of errors and uncertainties

Due to arcing problems, the isolation of the bias wire connecting the
HV feed-through to the PTP had to be removed. The drawback of this is,
that during the PBII pulse the ions are not only accelerated towards the
substrate dummy, but also towards the bare bias wire. As the ions
collected by the wire cause a significant electric current but only a small
heat flux towards the thermal probe, this can result in a discrepancy
between the electrical measurement and the determined energy flux.
This discrepancy scales with the sheath area of the bias wire as it de-
termines the amount of ions being extracted from the plasma. With a
length of ∼20 cm and a diameter of 0.3 mm, the bias wire has a com-
parable surface area (∼1.9 cm2) to the measurement surface of the PTP

(3.14 cm2). However, the effective area for ion collection can expected
to be much smaller, since only a limited fraction of the wire is exposed
to a region with significant plasma density. Additionally, since the di-
rected flow of ions from the target to the substrate create a much higher
current as compared to the current from the background plasma, the
effective area for collection is better approximated by the smaller,
projected area instead of the complete surface area.

Nonetheless, this erroneous influence should be taken into account
when comparing the results of energy flux to the measured electrical
power, specifically when significant differences in sheath expansion can
be expected such as for the variation of the PBII voltage.

Another point arises from the evaluation of the temperature curve
over long times (∼100 s) and wide temperature regions (up to ΔT
∼100 K) – this can cause errors in the determination of the energy flux
as the heating of the shielding, shutter or other objects in the vicinity of
the probe are additional energy sources which are not necessarily at the
same temperature during heating and cooling phase [24].

Finally, due to the relatively time consuming method, the mea-
surements have been performed over a considerable target run time.
And although the voltage setpoint was kept constant through all the
experiments, significant changes in the HiPIMS current were observed
with longer erosion times resulting in higher currents. Thus, absolute
comparison should only be done between values obtained with similar
target run times.

3. Results and discussion

3.1. Variation of PBII voltage

The PBII voltage is a crucial parameter in the combined PBII&D
system. By altering the voltage it is possible to switch the process be-
tween a deposition dominated system to a system with equal deposition
and implantation to a system dominated by etching and implantation
processes [14]. As the differences between these modes are character-
ized by substantially different energy fluxes, an investigation of this
parameter is of particular interest. The combined diagnostics of energy
flux and electrical power allow to obtain valuable information about
the relation of these values and allow to gain information about critical
processes such as the emission of secondary electrons [25].

For most plasma processes, the energy flux measured with the
passive thermal probe consists of a complex set of contributions
[13,26]. In the case of magnetron sputtering, important contributions
typically come from the kinetic impact of particles (ions, electrons,
energetic neutrals), from recombination processes on the surface or
from the sublimation enthalpy which is released during film formation
on the substrate [21,27]. In our case these contributions create a
‘background’ energy flux, on which the energy flux from the short on-
time of the PBII pulse is superimposed. This background energy flux can
be easily obtained by measurement without PBII pulse, but with the
probe left at floating potential.

In Fig. 4 the results for electrical power and energy flux investigated
for three different PBII voltages as a function of the delay are given,
with the obtained background energy flux shown as a black dashed line
at ∼20mW/cm2. The curves show a close resemblance between the
two diagnostics and a peak which is shifted approximately 30 μs from
the end of the HiPIMS pulse. Furthermore, it can be noted that the peak
increases for both diagnostics as a function of the PBII voltage but does
not change its position. From the measurement of the energy flux, it can
be seen that, in spite of the small PBII duty cycle (0.05%), the energy
flux originating from the highly energetic ions accelerated by the PBII
voltage, can become the dominant contribution to the integrated, time
averaged energy flux measured by the PTP. Expectedly, the magnitude
of this contribution strongly depends on the ion density in the vicinity
of the probe during the PBII pulse, e.g. in the beginning of the HiPIMS
period, where a small ion density is expected, the background energy
flux yields up to 70% of the overall energy flux, while at the peak of the

Fig. 3. Exemplary evaluation of the temperature curve for a delay of 300 μs
between HiPIMS and PBII at −7 kV PBII voltage. The pressure is 1 Pa and the
HiPIMS setpoint is−700 V with 200 μs pulse duration at 100 Hz frequency. The
shown dT-curve is obtained by plotting the time derivative of the temperature
as a function of the temperature. The vertical distance between the two re-
sulting linear regions directly yield −T Ṫ ̇h c .
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ion density, this contribution drops to 5% for 7 kV PBII voltage. To
compensate for this effect, in the following analysis, the energy flux Jptp
was corrected by subtracting the background energy flux. The corrected
energy flux J*ptp can then be approximated by the following equation:

=J A I U* .ptp s ion pbii (4)

Here Iion is the ion current arriving at the substrate, Upbii the PBII vol-
tage and As the area of the substrate. The electrical power density Jvi
measured with the substrate's VI probe can be described by

= + = +J A U I I U I γ( ) (1 ),vi s pbii ion se pbii ion se (5)

with Ise being the current generated by secondary electrons emitted
from the substrate and γse the secondary electron emission coefficient.
The sum Iion+ Ise is the net current which is detected by the VI probe.
By combining Eqs. (4) and (5) we can therefore calculate the secondary
electron yield of our dummy substrate:

= −γ J
J*

1.se
vi

ptp (6)

In Fig. 5 the secondary electron yield, as calculated with Eq. (6)
from the maximum measured values shown in Fig. 4, is plotted as a
function of the energy of the impinging ions. Additionally, we plotted
reference values reported by Szapiro and Rocca [28] and Phelps and

Petrovic [29]. Szapiro et al. used argon ions which were accelerated by
an ion gun onto a copper sample. The secondary electron yield was then
calculated from the sample current and current of argon ions. The
plotted values from Phelps and Petrovic [29] are the result of a fit to a
collection of reviewed data.

The calculated values of γse from our measurements are in the same
order of magnitude and exhibit a similar trend for increasing ion energy
as compared to the reference data. The secondary electron yield is
known to be effected by numerous parameters such as the surface
condition of the bombarded material, the mass-ratio between im-
pinging and bombarded species or the charge state of the impinging
particle [28, 30-32]. The observed differences could thus be explained
by a number of different factors. Comparing to Szapiro's experiments
where only single charged argon ions are used, the ions arriving at our
substrate are a mixture of argon and copper ions in single and double
charged state [33,34]. While it is difficult to estimate the effect of the
higher mass of the copper particles, it is well known, that a higher state
of charge increases the yield due to potential emission [32].

Independently of these experimental parameters, the erroneous in-
fluence of the exposed bias wire described in Section 2.3, will generally
result in a higher electrical current as compared to the expected energy
flux. This deviation can generally be expected to increase with bigger
sheath expansion since the collection area of the wire increases linearly,
while the collection area of the probe substrate increases by a lesser
amount due to its flat geometry. In spite of the short PBII pulse length, a
significant increase of sheath expansion for increasing PBII voltage can
be expected [35-37]. Accordingly, the observed deviation from the re-
ference values and also its increase for higher ion energies could be
explained by a disproportionately high increase of measured electrical
power due to the erroneous influence of the exposed bias wire. From
Eqs. (5) and (6) it can be seen that this would result in an increase of the
calculated γse, such as observed in Fig. 5.

3.2. Variation of substrate distance

To achieve a better understanding of the ion wave which travels
from the HiPIMS source to the PBII substrate, the ion wave can be
probed at different distances from the target. In Fig. 6 the obtained
measurement results for the variation of the distance are compiled.

Generally, the ions arriving at the substrate are expected to be a mix

Fig. 4. Delay variation for the examined PBII voltages. The upper graph shows the results obtained from the PBII VI-probe and the lower graph gives the energy flux
as detected by the PTP. The dashed black line shows the energy flux originating solely from the HiPIMS plasma, with no PBII pulse and the probe at floating potential.
The shaded area represents the waveform of the HiPIMS power to the magnetron with its axis on the right.

Fig. 5. Results for calculation of γse according to Eq. (6) and comparison to
reference data from Szapiro [28] and Phelps and Petrovic [29].
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of copper and argon, with the composition depending on various
parameters, such as distance, delay-time or pressure. In a comparable
system, Horwat et al. observed that for higher distances and pressures,
the initial flux of ions, which is attributed to argon ions from the be-
ginning of the pulse, is mostly dissipated. Under these conditions, the
remaining ion current in their measurements showed a peak, which
they associated to the self-sputtering phase of the pulse [38]. Since we
observe comparable peaks in our system, in the following we assume
that the maximum and especially the delay-time of the maximum in our
curves are majorly influenced by the motion of the copper ions.

The motion of the ions traveling from the cathode plasma to the
substrate is strongly affected by the collisions with the background gas.
To give a simple approximation of the deceleration due to these colli-
sions, a 1D model for momentum exchange collisions with head-on
collisions and neglecting wall losses of the copper can be used [39].

For 1D elastic collisions between two objects we can calculate the
deceleration of the copper hitting an argon atom of the background gas
from the momentum and energy conservation [40]:

= −
+

+
+

v m m
m m

v m
m m

v2 ,Cu after
Cu Ar

Cu Ar
Cu before

Ar

Cu Ar
Ar before, , , (7)

with mCu and mAr being the atomic mass of copper and argon, vCu,before
and vCu,after the velocity of the copper ion before and after the collision
and vAr,before being the velocity of the background gas. If we assume,
that the argon atom is initially at rest we can calculate the ratio of
change for each collision to be:

= =
−

= −
+

R v
v

v v
v

m
m m

Δ 2
v change

Cu before

Cu after Cu before

Cu before

Ar

Cu Ar
,

,

, ,

, (8)

The change of velocity per distance dx is then given by

= =
⋅dv

dx
v

λ
R v

λ
Δ ,
mfp

v change Cu before

mfp

, ,

(9)

where λmfp denotes the mean free path. The resulting first-order linear
ordinary differential equation can be solved to obtain the velocity of the
copper ions passing through the background gas as a function of the
distance to be

⎜ ⎟= ⋅ ⎛
⎝

⋅ ⎞
⎠

v x v exp x
λ

R( ) ,Cu
mfp

v change0 ,
(10)

with v0 being the initial velocity of the copper ions. The equation of
motion can then be derived through

⎜ ⎟
⎛
⎝

− ⋅ ⎞
⎠

=exp x
λ

R dx v dt.
mfp

v change, 0
(11)

After integrating and applying the boundary condition x(t0)= 0 we get
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⎝

+ − ⎞
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v R
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0

(12)

The mean free path of the copper ions is assumed to be identical to the
neutral mean free path, which is given by the following equation [41]:

= ⋅ −λ n σ( ) .mfp Ar Cu Ar,
1 (13)

Here nAr is the density of the background gas and σCu,Ar is the cross
section for a collision between copper and argon. To take into account
the reduction of the cross section for higher projectile energies, the
variable soft sphere model (VSS) introduced by Koura and Matsumoto
was used [42,43]. In this model, the total cross section is given by

⎜ ⎟= ⎛
⎝

⎞
⎠

−

σ C
k
ϵ ,t
B

ω

(14)

with the projectile energy ϵ, Boltzmann constant kB and constants C, ω
which are characteristic for the present combination of projectile and
background gas. I.e. for the collision between argon and argon
(C=124.8, ω=0.19) with a projectile energy of ϵ=2 eV, the mean
free path yields ∼2.2 cm as compared to a mean free path of ∼1.2 cm
for a plain hard sphere model [43].

The particle density of the background gas nAr can be calculated
from the ideal gas law if the pressure (p=1 Pa) and the temperature
(T=300 K) are known:

=n
p

k T
.Ar

B (15)

With these assumptions for the mean free path, cross section and
ratio of change for collisions, we can compare our measurements with
the model. To obtain values comparable to Eq. (12), a time of flight
approach was used by extracting the delay values of the maxima in our
curves for the different investigated distances from Fig. 6. This gives us
the time of arrival for the crest of the ion wave at the respective dis-
tance and, thus, allows us to observe the motion of the ion wave from
target to substrate. Fig. 7 shows the result of this analysis together with
the fit according to Eq. (12). The parameters used for the fit are sum-
marized in Table 2 along with the theoretical values calculated from
Eqs. (8) and 13 and the starting velocity calculated from the energy of
12.5 eV acquired from the sputter process (SRIM [44]). For the pre-
sented fit, only the ratio of change was fixed at the theoretical value

Fig. 6. Results for the determination of the energy flux for delay variation at different substrate distances.
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while the values for the mean free path, v0 and t0 were determined by
the fit algorithm.

As it can be recognized from Fig. 7, the theoretical values fit the
measured data quite well albeit the uncertainties associated with the
assumptions of the model. From Table 2 it can further be seen, that the
calculated fit parameters are in the expected range and exhibit rea-
sonably low uncertainties. The starting time of the wave was calculated
to be shortly before the end of the HiPIMS pulse and the starting ve-
locity is also roughly in the range of the value calculated from the

sputter process. The mean free path is in the same range as the ex-
emplary value calculated for argon, which is reasonable due to the si-
milar atomic radii of the two species.

Gylfason et al. observed a comparable ion motion in their experi-
ment, using a Langmuir probe and interpreted it as an ion-acoustic
solitary wave moving away from the target [45]. In the constant rela-
tion between peak amplitude and width, a typical feature of such a
wave can be found in our experiment as well [46]. However, comparing
to Gylfason we do not observe a constant velocity of the ions but a
deceleration of the ion wave (Fig. 7) which might be attributed to the
larger distance to the target and emphasizes the role of collisions in this
pressure regime.

3.3. Variation of pressure

To investigate the effect of the gas pressure onto the transport of the
sputtered particles and its effect on the energy flux arriving at the
substrate, the argon pressure was varied between 0.5 and 3 Pa. Since
the discharge was operated in voltage regulated mode, the plasma was
changing strongly for the different gas pressures as indicated by the
strong changes in the HiPIMS current, see Fig. 8 (a).

Analog to the observations made by Anders et al. [2], we find a
change of the slope in the beginning of all current curves which is as-
sociated with the onset of the runaway regime. Due to the increasing
mean free path with decreasing pressure, this point is reached later for
lower pressures and, correspondingly, the onset of the saturation re-
gime is delayed as well. Another feature from the curves which has also
been observed by Horwat and Anders et al. [2,38], can be found in the
end of the HiPIMS pulse. For all conditions where the saturation regime
is reached, the current shows increasingly similar values towards the
end of the pulse where it tends towards a steady state. This trend is a
convincing argument for the significance of rarefaction in our system as
the sputtered copper and the associated feedback mechanism increas-
ingly displace the argon in front of the target and, thus, decrease the
effect of chamber pressure [47,48].

In Fig. 8 (b), the PTP results for the variation of the gas pressure are
summarized. As expected, the curves show an increase of the energy
flux as a function of the pressure which can predominantly be attrib-
uted to the increasing HiPIMS power caused by the earlier onset of the
current as seen in Fig. 8 (a). Furthermore it can be observed, that, in
spite of the increasing average HiPIMS power, the maximum detected
energy flux saturates for pressures above 1 Pa. This saturation seems to
be correlated to the assimilation of the HiPIMS currents towards the end
of the pulse caused by rarefaction and, thus, supports the assumption
that the peak observed in all delay dependencies of the PTP is likely

Fig. 7. Measured data for the progression of the ion wave. The blue dots re-
present the experimental data which were obtained from the position of the
maximum values from Fig. 6. The dashed line gives the result of the fit based on
Eq. (12) with the parameters described in Table 2. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Table 2
Parameters for the fit of Eq. (12) to the experimental data and comparison to
theoretical values, calculated as described in the text. Since no suitable data
regarding the cross section between copper and argon were available, the
theoretical value for the mean free path was calculated for argon-argon colli-
sion at 2 eV (∼velocity at 20 cm taken from Fig. 7) as described in the text. The
theoretical value for the starting velocity v0 acquired from the sputter process
was calculated from an energy of 12.5 eV (SRIM [44]). The fixed values are
printed in bold, the values in normal letters are determined by the fit algorithm
and the errors represent the 95% confidence bounds.

λmfp (cm) Rv,change v0 (km/s) t0 (μs)

Theoretical values 2.24 (Ar-Ar) − 0.228 6.160 –
1D VSS collision model 2.40±0.8 − 0.228 13±11 182±15

Fig. 8. (a) Current measurements of the HiPIMS waveform for different pressures at a fixed voltage of−700 V. (b) Results from the PTP for the variation of the delay
for different gas pressures.
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caused by metal ions. Another striking feature, which is likely also at-
tributed to the self-sputtering phase and the associated rarefaction, can
be found in the similar values and slopes in the region around
200–220 μs for the curves measured at pressures above 0.75 Pa.

Comparing the obtained data for the variation of the gas pressure
with theoretical values comes with a number of difficulties. A major
uncertainty is associated with the effect of the aforementioned rar-
efaction since the pressure between target and substrate most likely
differs significantly from the value detected at the wall of the chamber.
It can further be expected, that, represented by the strong changes in
HiPIMS current, distinctively different plasma conditions appear which
might additionally affect the transport of the ions. Taking these un-
certainties into account we can now take a closer look at the results
obtained from the variation of the pressure in our system.

Fig. 9 shows the position of the maximum values of the PTP results
from Fig. 8 (b) as a function of the pressure. Along the experimental
data, a theoretical curve is plotted obtained from solving Eq. (12) for
the time and rewriting it as a function of the gas pressure:

⎜ ⎟⎜ ⎟= −
⋅

⎛
⎝

⎛
⎝

−
⋅ ⎞

⎠
− ⎞

⎠
t p t k T

v R σ p
exp

xR σ p
k T

( ) 1 .arrival
B

v change Ar Cu

v change Ar Cu

B
0

0 , ,

, ,

(16)

The model curve in Fig. 9 is plotted using the determined values from
Table 2. As it can be clearly seen, this model roughly describes the
results up to 1 Pa but it does not explain the observed dependence for
pressures above 1 Pa. As mentioned before, the variation of pressure
must be associated with a diverse change of the plasma parameters.
Thus, to predict the effect of the pressure on the motion of the observed
ion wave, a much more sophisticated model must be utilized which is
not covered by the scope of this study.

4. Conclusion

Using a modified passive thermal probe, time resolved information
about the energy flux to the substrate in a PBII&D system were obtained
for different PBII and HiPIMS parameters. The combination of VI- and
energy flux measurements allowed us to obtain information about the
secondary electron yield of our substrate which could be reasonably
matched with comparable values from literature. All results showed a
peak-like shape for the delay dependence which reflects the evolution
of the ion density in the substrate environment and underlines the
importance of the contribution from kinetic ions to the integral energy
flux in this system. The transport of the sputtered and ionized copper
was dominated by an ion wave/bunch moving from the target towards
the substrate. The measurements at different distances allowed us to
investigate the motion of this wave by a time of flight method which

suggested a strongly collision dominated transport. The investigation at
different gas pressures suggested that the observed peak is likely caused
by metal ions and emphasized the complexity associated with changes
in the process pressure.
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7 Conclusion and Outlook

This chapter will summarize the different results obtained in each publication to provide
a complete overview. Based on this comprehensive summary, the main findings across the
different projects and a resulting outlook of interesting possibilities for improvements and
experimental paths are given.

• As part of an ESA/ESTEC project, the active thermal probe (ATP) was integrated
into a diagnostic platform designed to characterize ion beams and ion thrusters (pub-
lication [I]). Test campaigns have been performed in two different vacuum facilities,
where the same two thrusters were investigated for sake of comparison. The thrusters
were chosen to represent two extreme points of the typical thrust range for ion beams:
the RIT-µX in the µN range and the SPT-100D EM1 in the 100 mN range. Us-
ing the measurements from the RIT-µX thruster as exemplary results, it is shown
that the different diagnostics show good reproducibility and a first analysis resulted
in good agreement between them. The comprehensive characterization of a thruster is
an essential part in the development and optimization process of ion thrusters and a
standardized platform would allow for reliable comparison between different models.
The results obtained in this project mean an important step towards standardization
and have also pointed out difficulties which are associated with different test environ-
ments. In general, the combination of a five-axis positioning system combined with
several complementary diagnostics, provides a versatile platform not only for compar-
ison but especially for the scientific investigation of ion beams. Furthermore, being
able to switch between different diagnostics without breaking the vacuum, also allows
to learn more about the different diagnostic tools and on how they could complement
each other. For example, the addition of a force probe to the platform would provide
another interesting measurement value which can be directly correlated to the energy
flux or the ion energy.

• The ratio between neutral, depositing particles and bombarding ions, which trans-
mit energy mainly by kinetic impact to the film, is known to strongly affect the film
growth on the substrate. To control this parameter, a confocal magnetron sputtering
system was equipped with an external electromagnetic coil which allowed to change
the magnetic ’balance’ of the system (publication [II]). The effect of the magnetic
field was investigated using the active thermal probe, a Langmuir probe and sample
depositions. The results showed that the energy flux as well as the ion current onto
the substrate changes strongly for the case that the magnetic coil is set up to create
a strongly ’unbalanced’ configuration. In this configuration, the ion-to-neutral ratio
was found to be increased by a factor of 30 compared to the case with no external
field. Test depositions of AlN showed a transition from tensile to compressive stress
for increasing ion flux density, which is in good agreement with the theory.
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• Understanding the energy flux to a growing film has always been of key interest and
particularly in magnetron sputtering systems much work has been performed in this
field. Comparing former studies it becomes apparent, that the contributions to the
energy flux change strongly depending on various parameters. Due to the differences
in the studies (experimental setup, magnetrons, probes, etc.), it is difficult to develop
a complete picture which is applicable in a more universal way. To provide a ground
for such a more complete picture, we investigated 15 combinations of three gases with
five target materials for variations of the most relevant process parameters (publication
[III]). To unravel the integral energy flux measured with the PTP, additional LP and
QCM measurements were performed and backed up by SRIM simulations. The results
confirmed, that neither the composition nor the absolute value of the energy flux is
at any means universal; even in this intentionally simple system, strong changes are
observed. Three mechanisms were identified which can dominate the energy flux: (i)
sputtered atoms create a significant energy flux in most systems, however, they only
dominate the energy flux for cases with high sputtering yields, (ii) the contribution
from reflected neutrals is of particular importance for heavy target materials or light
sputter gas, (iii) in cases with poor thermal conductivity of the target material, even
for moderate powers, the target heats up strongly and produces a high radiative energy
flux. Since these results were all obtained at floating potential, the contribution from
electrons and ions was found to be low for all conditions and materials.

• The two cases above are examples which represent the typical dc magnetron sputtering,
using the same technique which is also found in many industrial applications. To pro-
vide a high purity and high deposition rate, in these systems the pressure usually does
not exceed ∼2 Pa. In gas aggregation sources (GAS) on the opposite, collisions with
the background gas are an essential mechanism to cool the sputtered atoms and, thus,
allow for formation of nanoparticles and clusters. Accordingly, the typical pressure in
these systems is in the range of 20 - 200 Pa, which means a transition from the molec-
ular to the collisional regime as compared to conventional lower pressure magnetron
sputtering. Measurements inside the aggregation chamber of such a GAS can provide
information relevant to the particle formation mechanism inside the aggregation cham-
ber. Therefore, energy flux measurements along with deposition rate and Langmuir
measurements were performed for different process parameters as part of a collabo-
ration with colleagues from the Charles University in Prague (publication [IV]). The
results obtained with different targets made from copper, tungsten and a compound of
both materials, showed that the composition of the energy flux is comparable to that
found in the lower pressure regime. For copper with its high sputter yield, the main
fraction of the energy flux is likely attributed to the depositing atoms, while for the
cases where tungsten is part of the cathode, reflected neutrals are argued to dominate
the energy flux. The effect of the higher pressure and accordingly increased thermal
conductivity of the gas was not found to directly transfer more energy from the target
to the substrate, but instead had to be viewed from the point of gas-rarefaction. The
measurements indicate that the main effect of the energy transfer to the gas is the
rarefaction and accordingly longer mean free path for sputtered atoms and reflected
neutrals.
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• In an extensive collaboration with the INP in Greifswald a newly developed system for
parallel implantation and coating has been investigated (publication [V] and publica-
tion [VI]). As in all surface treatment systems, the energy flux to the substrate is of
central interest. For the combination of HiPIMS and PBII an additional aspect arises
from the synchronization between these two pulsed processes. As a first approach, this
parameter was investigated using a system which provides quantitative information
about the energy flux onto the high voltage pulsed substrate. This was achieved, by
combining a grid, which acted as the PBII substrate, and a passive thermal probe po-
sitioned underneath the grid. The setup was found to correctly represent the processes
on the substrate and provide an indirect measurement method for the energy flux. By
varying the delay between HiPIMS pulse and PBII pulse, time-resolved information
about the ion density in the substrate region were obtained. These indicated, that the
ions travel as a relatively well-defined bunch or wave from the target to the substrate.

The development of an electrically insulated version of the passive thermal probe al-
lowed to directly use the probe substrate as the PBII-substrate and, thus, provide
absolute values. This new probe was used to verify and extend the measurements
obtained with the grid setup in a subsequent set of measurements. The absolute val-
ues allowed for direct comparison to the recorded electrical current of the substrate
which provided insights about the emission of secondary electrons from the high-voltage
pulsed substrate. By investigation of the influence of selected parameters on the form
and arrival time of the ion-wave, the transport of this wave was found to be strongly
dominated by collisions with the background gas. The main peak in the energy flux
and current density was argued to be attributed to metal ions.

The results demonstrate the universal importance of the energy flux in any plasma based
application and that through carefully designed measurement procedure and combination
with other diagnostics, far more than the thermal load on a substrate can be obtained.
A common theme which emerged in the measurements on magnetron sputtering systems
was the importance of reflected neutral particles. These are created as an ion, which is
accelerated in the cathode potential and gets neutralized and reflected back towards the
substrate where it deposits its high kinetic energy. This contribution is often underestimated
as it is comparatively difficult to measure those fast neutral particles.

Inspired by the extensive work with thermal probes and the optimization performed on
those probes, a few points have emerged which would further improve the diagnostic methods
or would generally be a starting point for future investigations:

• Investigations performed with high bias potential applied to the PTP substrate have
shown that valuable information regarding the secondary electron emission from the
probe surface can be gained from comparison to the electric current to the probe. The
experimental setup in these investigations where at no means optimized to measure
the secondary electron yield, but nonetheless resulted in realistic values. A specifically
designed experiment based on calorimetric measurements could provide a relatively
simple and flexible method for the determination of the secondary electron emission
yield γse. A possible setup for such an experiment could be based on an ion beam which
works at a sufficiently low pressure to ensure that the PTP is mainly exposed to ions.
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From the precisely defined energy of the ions and the electric current measured on the
PTP substrate, a theoretical value of the energy flux to the probe can be calculated.
By comparison of this theoretical value to the energy flux determined by the PTP, γse
can be determined from the offset created by the increased current due to secondary
electron emission.

• The work on pulsed systems like the HiPIMS discharge have pointed out the advantages
that time resolved determination of the energy flux would provide. Since both the PTP
and ATP are limited to a time resolution in the range of seconds by their heat capacity,
they cannot simply be optimized by a change in probe design. One possibility would
be to add a sophisticated shutter system as it has been demonstrated by Breilmann et
al. for deposition rate measurements [94]. The idea here is, to add a rotating shutter
which is synchronized with the HiPIMS pulse. Proper design of the shutter would
result in the substrate only being exposed to the energy flux at a specific time during
the HiPIMS period, while no energy flux is present when the substrate is covered.
This would result in a constant energy flux on the slower time scale of the thermal
probe which is only attributed to a specific time frame. When designing such a system,
specific attention has to be paid to the radiative energy flux coming from the shutter
i.e. one has to make sure that the shutter remains at a low temperature to minimize
the influence of radiative energy flux.

• The measurements with the ATP have pointed out the advantages this probe has espe-
cially in environments with little heat radiation from surrounding holders or chamber
walls. However, to make this diagnostic more adjustable to different environments and
further improve its performance, the design must be optimized and the speed of the
electronics must be increased.

• One of the disadvantages of the PTP is the fact that it can only measure the energy
flux with a relative measurement procedure i.e. it is mandatory to shut off the energy
flux to obtain a measurement. In section 4.3.2, a possible solution is indicated in the
paragraph describing the equilibrium temperature method. In principle, the maximum
temperature that the probe will reach for a certain energy flux, can be extrapolated
from the dT-curve of the temperature for a measurement time of only a few seconds. If
the temperature of the heat reservoir for conductive cooling Tcond and the conduction
coefficient α is known, the energy flux can be obtained without the need for shutting
off the plasma. Since Tcond can be obtained by temperature measurement and α can
be calibrated using the standard calibration experiment, the PTP could be modified
to provide continuous energy flux data, which is also independent of the probe’s heat
capacity. However, one has to make sure to minimize the influence from gas cooling
by proper probe design, as this contribution is not compensated by this method.

• Measurements in challenging environments like atmospheric plasma jets or surface
DBD discharges have pointed out the amount of information that can be gained from
careful evaluation of the dT-curve of the PTP. To fully understand the influence of
different effects on the dT-curve, it would be desirable to create a theoretical model
which is capable of simulating different contributions, with a special attention on the
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cooling effect by surrounding surfaces. In principle this could be achieved by combining
the theory presented in sections 2.2 and 4.3.2 to produce a theoretical dT-curve as a
function of multiple external parameters.

• Collaborations with colleagues from the thin-film community have shown that often a
precise knowledge of the substrate temperature during the deposition is just as desirable
as the knowledge of the energy flux. However, due to different mounting systems and
substrate holders, the cooling of the substrate is often not well-defined, which makes a
calculation of the substrate temperature from the energy flux impossible. Therefore, it
would be desirable to create a standardized substrate holder and mounting procedure
which is carefully designed to provide a well-defined cooling of the substrate.

• Finally, the extensive investigations presented in publication [III] have indicated that
the energy flux from any process gas-target-combination can be described by an em-
pirical law as a function of the gas-target mass ratio. Additional investigations in this
direction could provide universally applicable rules regarding the energy flux and could
be used to define areas of not accessible energy flux values.
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[25] A. Goehlich, D. Gillmann, and H. F. Döbele. Angular resolved energy distributions
of sputtered atoms at low bombarding energy. Nuclear Instruments and Methods in
Physics Research, Section B: Beam Interactions with Materials and Atoms, 164:834–
839, 2000.

[26] G. Betz and K. Wien. Energy and angular distributions of sputtered particles. Inter-
national Journal of Mass Spectrometry and Ion Processes, 140(1):1–110, dec 1994.

[27] D. Depla, S. Mahieu, T. Ono, T. Kenmotsu, and T. Muramoto. Reactive Sputter Depo-
sition, volume 109 of Springer Series in Materials Science. Springer Berlin Heidelberg,
Berlin, Heidelberg, 2008.

[28] M. W. Thompson. II. The energy spectrum of ejected atoms during the high energy
sputtering of gold. Philosophical Magazine, 18(152):377–414, 1968.

[29] J. F. Ziegler, M. D. Ziegler, and J. P. Biersack. SRIM, the stopping and range of ions
in matter. In Web Science Conference, 2010.

174



Bibliography 175

[30] H. F. Winters, H. J. Coufal, and W. Eckstein. Influence of energy reflected from the
target on thin film characteristics. Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films, 11(3):657–663, may 1993.

[31] W. D. Westwood. Calculation of deposition rates in diode sputtering systems. Journal
of Vacuum Science and Technology, 15(1):1–9, 1978.

[32] M. Stahl, T. Trottenberg, and H. Kersten. A calorimetric probe for plasma diagnostics.
The Review of scientific instruments, 81(2):023504, feb 2010.

[33] T. Trottenberg, V. Schneider, and H. Kersten. Measurement of the force on microparti-
cles in a beam of energetic ions and neutral atoms. Physics of Plasmas, 17(10):774–780,
2010.

[34] J. B. Hudson. Surface science : an introduction. Butterworth-Heinemann, 1992.

[35] J. A. Thornton. Substrate heating in cylindrical magnetron sputtering sources. Thin
Solid Films, 54(1):23–31, 1978.

[36] S. D. Ekpe and S. K. Dew. Theoretical and experimental determination of the en-
ergy flux during magnetron sputter deposition onto an unbiased substrate. Journal of
Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 21(2):476, 2003.

[37] A. Roth. Vacuum technology. North-Holland, 1990.

[38] S. Dushman. Scientific foundations of vacuum technique. John Wiley & Sons, Inc., New
York, 2 edition, 1962.

[39] R. Piejak, V. Godyak, B. Alexandrovich, and N. Tishchenko. Surface temperature and
thermal balance of probes immersed in high density plasma. Plasma Sources Science
and Technology, 7(4):590–598, 1999.
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und sind als solche gekennzeichnet. Die in den Veröffentlichungen angeführten Quellenver-
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