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About this work

This cumulative thesis was prepared within the framework of the project entitled Unter-
suchung zur Dynamik schnell-veranderlicher Plasmarandschichten bei der Plasma-Immersions-
Tonenimplantation mittels nicht-konventioneller Diagnostik which is a DFG funded collabo-
rative project of the Leibniz Institute of Surface Modification in Leipzig (IOM) together with
the Plasmatechnology Group at the Kiel University. The part of the IOM was supervised by
Dr. Stephan Méandl and the Plasmatechnology Group is lead by Prof. Dr. Holger Kersten.

The project was aimed towards diagnostic in plasma-immersion ion implantation systems
with a major focus on secondary electron processes and sheath expansion dynamics. The
publications presented in this thesis were partly composed within the work of said project.
Additionally, experimental results were obtained in measurement campaigns during my time
as a PhD student on various experimental setups which are also presented in a form of a
scientific publication included in this work.

The introductory part of this thesis (chapter 1) gives a motivation and offers various ex-
amples on how plasma physics impacts things we interact with on a daily basis. The second
chapter provides the needed theoretical background of plasma physics, including the prop-
erties of a plasma and its interaction with surrounding surfaces, as well as different plasma
generation methods and coating techniques. The third chapter provides a detailed descrip-
tion of different probes and diagnostic techniques used to monitor a plasma process. This
ranges from Langmuir probes, which are capable of determining the basic plasma param-
eters, calorimetric probes to investigate the integral energy flux as well as deposition rate
measurement techniques.

In the fourth chapter, the results which were obtained during internal experiments as
well as on national and international measurement campaigns are presented in the form of
published articles in different scientific journals.
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Abstract

Nowadays plasma based processes are widely used for surface modification in a great variety
of industrial applications. In many cases plasma based deposition techniques are used to
tailor functional thin films on an atomic or molecular scale. The ability to control the plasma
process opened new ways in material sciences. One key element during plasma coating is
the interaction between the plasma itself and the surrounding surfaces, also called plasma-
wall interactions (PWI) or plasma-surface interactions (PSI). It dictates the structure and
morphology of the deposited film and has been studied extensively in the last decades. The
main interaction relies on particle fluxes which may or may not deposit a significant amount
of energy once they hit the surface, binding to the film or getting reflected. Therefore, the
characterization of the particles as well as the energy flux reaching the surface is of great im-
portance since it helps to understand fundamental mechanisms and may grant opportunities
to improve existing processes for surface modification or develop new ones.

In this thesis different plasma based processes used to deposit nanostructured materials
are preferably investigated using a calorimetric probe, i.e. a passive thermal probe, which
is able to measure the integral energy flux. Combined with additional probe measurements
(Langmuir probe, quartz crystal microbalance) and sputter-based simulations (SRIM) a de-
tailed insight of the particle interaction between the plasma and the surface can be obtained.
This includes the generation of secondary particles, e.g. secondary electrons which may occur
during particle bombardment of a surface.

With knowledge of the energy flux and its components, the mechanisms present in thin film
deposition and implantation processes can be better understood, hence, the energy transfer
from the plasma to the substrate is studied in detail in this work. Understanding the energy
flux and its origin creates the ability to tailor the different processes to the desired outcome
and helps to connect key properties of the final product to certain plasma parameters and
discharge conditions.

Secondary electron generation and their influence has been studied extensively in plasma-
immersion ion implantation where ions are accelerated towards the substrate during a high
voltage pulse, using a passive thermal probe. Even in such fast pulsed processes the passive
thermal probe was able to detect changes during substrate alteration (sputtering an oxide
layer, nitriding a metallic surface) and their influence on the secondary electron yield over
several pulses, respectively. Experiments in the plasma systems were performed for various
substrate materials (Cu, steel, Al, Mg, AlMg, Ti, Mo, Zn, AZ91) using different process
gases (Ar, N2).

Further investigations in a pulsed magnetron discharge using high-power impulse mag-
netron sputtering compared the resulting energy flux with the one generated by conventional
direct current magnetron sputtering in an reactive gas atmosphere using titanium. The en-
ergy flux for the metallic, transition and poisoned target surface regime was compared and
backed by Langmuir measurements in the case of direct current magnetron sputtering.
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The influence of the process gas during magnetron sputtering of titanium and its impact on
the electron energy and density, as well as the resulting integral energy flux have been studied
using a combined calorimetric and Langmuir probe. Additionally, the different contributions
to the integral energy flux have been calculated using the obtained plasma parameters and
deposition rates.

The calorimetric probe was also used to determine the energy flux in a gas aggregation
source at elevated pressures of 20 Pa to over 200 Pa. Three different targets, a pure copper
and a pure tungsten target, as well as a composite target with 37 tungsten pellets inside a
copper disc were investigated. Parameters like the magnetron current, the distance to the
target and the pressure were varied. Additional studies with a Langmuir probe and deposi-
tion rate measurements were performed as well. The deposited films of selected parameters
were also observed ex-situ by scanning electron microscopy.

Further, an extensive study of fifteen gas-target combinations was performed using the
passive thermal probe, the Langmuir probe and the quartz crystal microbalance measuring
the integral energy flux, plasma parameters and the deposition rate, respectively. Combined
with sputter simulations a comprehensive picture of the composition of the energy flux of
Ag, Al, Cu, Ti and W targets when sputtered with Ar, Kr and He and the dominant particle
mechanisms was obtained.
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Kurzfassung

In heutigen Industrieprozessen sind Plasma-gestiitzte Systeme kaum mehr wegzudenken und
man kann sie in einer Vielzahl von Anlagen entdecken. In vielen Féallen werden sie genutzt um
Filmabscheideprozesse zu realisieren, da sie das gezielte Steuern der Abscheidung von funk-
tionalen Diinnschichtfilmen auf atomarer und molekularer Ebene erlauben. Die Moglichkeit
den Plasmaprozesse gezielt zu steuern ermoglichte neue Wege in der Materialwissenschaft
welche zur Erschaffung neuer (Komposit-) Materialien fiihrte. Ein Hauptelement solcher
Plasmaprozesse ist die Interaktion des Plasmas mit den umgebenden Oberflachen, was als
Plasma-Wand-Wechselwirkung (PWW) oder im Englischen auch plasma-wall interactions
(PWI) bekannt ist. Die PWW bestimmen die Struktur und Morphologie der abgeschiede-
nen Schichten, weshalb sie in den letzten Jahrzehnten intensiv erforscht wurden. Die Inter-
aktion des Plasmas mit den Oberflachen basiert hauptsichlich auf Teilchenfliissen, welche
beim Auftreffen auf die Oberfliche Energie deponieren kénnen. Sie konnen dann entweder
als Teil des wachsenden Films an die Oberfliche binden, oder von ihr reflektiert werden.
Daher ist die Charakterisierung der verschiedenen beteiligten Teilchen als auch der aus ih-
nen resultierende Energiefluss auf die Oberfliche essentiell. Sie geben Aufschluss iiber die
vorherrschenden fundamentalen Mechanismen wahrend der Abscheidung und koénnen zur
Verbesserung bestehender System als auch der Herstellung von neuen Prozessen fiihren.

In dieser Dissertation werden verschiedene Plasma-basierende System untersucht, welche
zur Abscheidung von nanostrukturierten Schichten und Oberflichenmodifizierung verwendet
werden. Hauptséchlich werden die Untersuchungen mit der Kalorimetrischen Sonde, auch
Passive Thermosonde, durchgefiihrt. Diese ist in der Lage den intergralen Energiefluss auf
ein Substrat zu messen. Die Ergebnisse der Kalorimetrische Sonde, gepaart mit den Ergeb-
nissen aus zusatzlichen Diagnostiken wie der Langmuir-Sonde, oder dem Schwingquartz,
welcher die Abscheiderate misst, als auch Simulationen zur Kathodenzerstdaubung (SRIM)
ermoglichen einen detaillierten Einblick in die Wechselwirkung zwischen den Teilchen aus
dem Plasma und der Oberflache. Dies beinhaltet auch die Produktion von sogenannten
Sekundarteilchen, wie z.B. Sekundarelektronen welche beim Auftreffen von energetischen
Teilchen auf die Oberflache entstehen konnen.

Mit dem Wissen iiber den Energiefluss und seine einzelnen Komponenten kénnen die
Vorgange, welche in Diinnschichtabscheidungs- und Implantations-Prozessen vorherrschen
besser verstanden werden, deshalb wurde der Energietransfer zwischen dem Plasma und dem
Substrat in dieser Arbeit umfangreich untersucht. Das Verstandnis des Energiestroms und
seine Entstehung eroffnet Moglichkeiten den Plasmaprozess gezielt zu steuern um ein gewisses
Ergebnis zu erzielen. Dadurch konnen zudem bestimmte Eigenschaften des Endproduktes
mit den vorherrschenden Plasmaparametern und der Entladungsart verkntipft werden.

Die Entstehung von Sekundarelektronen und ihr Einfluss wurden intensiv in einem Plasma-
Immersions-lonenimplantations-System mit Hilfe der Passiven Thermosonde untersucht. In
diesem System werden lonen auf ein Substrat beschleunigt, welches mit Hochspannungspulsen



gepulst wird. Obwohl die Hochspannungspulse auf sehr kleinen Zeitskalen passieren, war
die Passive Thermosonde in der Lage Veranderung wéahrend des Prozesses, speziell auf der
Substratoberfliche (Zerstauben einer Oxidschicht, Aufbringen einer Nitritschicht) und ihren
Einfluss auf den Sekundarelektronenkoeffizienten zu messen. Die Messungen wurden dabei
nicht iiber nur einen sondern tiber viele kurze Hochspannungspulse durchgefiihrt und aufin-
tegriert. Dabei wurden eine Vielzahl an verschiedenen Substratmaterialien (Cu, Stahl, Al,
Mg, AlMg, Ti, Mo, Zn, AZ91) unter Verwendung von verschiedenen Prozessgasen (Ar, N2)
studiert.

Weitere Untersuchungen beinhalten den Einfluss des Prozessgases wahrend der Katho-
denzerstaubung von Titan auf die Elektronenenergie und -dichte, als auch der daraus re-
sultierende Energiefluss. Dies wurde wiederum mit einer Kalorimetrischen Sonde realisiert,
welche mit einer Langmuir-Sondenmessung kombiniert wurde. Mit Hilfe der ermittelten
Plasmaparameter und den gewonnen Abscheideraten konnte der Energiefluss in seine einzel-
nen Teile separiert werden.

Des Weiteren wurde die Kalorimetrische Sonde genutzt um den Energiefluss in einer Gas-
Aggregationskammer zu untersuchen, welche im hoheren Druckbereich von 20 Pa bis tiber 200
Pa arbeitet und der Herstellung von Nanopartikeln dient. Dabei wurden drei verschiedene
Kathodenmaterialien benutzt, eine reine Kupfer- und eine reine Wolframkathode und zu-
dem eine Mischkathode bei der 37 kleine Wolframstifte in eine Kupferkathode eingelassen
waren. Parametervariationen im Magnetronstrom, der Distanz zur Kathode und dem Ar-
beitsdruck wurden durchgefiihrt. Neben den kalorimetrischen Messungen wurden auch mit
einer Langmuir-Sonde die Plasmaparameter bestimmt und Abscheideraten gemessen. Bei
ausgewahlten Parametern wurden Testabscheidungen hergestellt, welche danach unter einem
Elektronenmikroskop untersucht wurden.

Unter anderem wurde auch eine umfangreiche Untersuchung von fiinfzehn Gas-Kathoden-
Kombinationen mit der Passiven Thermosonde, der Langmuir-Sonde und dem Schwingquartz
durchgefiihrt. Diese gaben wiederum Aufschluss tiber den intergralen Energiefluss, den
Plasmaparametern und der Abscheiderate wahrend der Prozesse. Mit zusétzlichen Simula-
tionen zur Kathodenzerstaubung konnte ein umfangreiches und verstandliches Bild iiber die
Komposition des Energieflusses von Ag-, Al-, Cu-, Ti- und W-Kathoden bei der Zerstaubung
mit Ar, Kr und He und die vorherrschenden dominanten Teilchenprozesse gewonnen werden.
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1 Introduction 3

1 Introduction

We manage a great portion of our daily life with tools like personal computers, check the
weather, approve bank transfers or buy train tickets with our smartphones and watch our
favorite TV shows after a hard day’s work on giant screens in our living rooms. Airplanes
and cars take us anywhere we want in the world within a couple of hours, grandma’s new
hip implant enables her to walk again and when we return late at night, powerful street
lamps lead our way home. If it is just the anti-reflective coating on our new glasses [1],
the nanometer sized structures etched into a silicon wafer that represent the basis of a
microchip [2], heat and wear resistant components of airplane turbines [3,/4] and combustion
engines or biocompatible coatings of medical implants , all these things would not be
possible without a world of plasma and plasma based applications.

Plasma is known as the fourth state of matter and in contrast to solids, fluids and gases,
it almost does not exist naturally on earth, except in natural spectacles such as lightnings
in thunderstorms and auroras near the poles (see figure .

Figure 1.1: Aurora borealis captured in Iceland. Photograph downloaded from

Although 99 % of the visible universe is still in the plasma state ﬂgﬂ, e.g. in stars, on
earth it must be artificially generated from neutral gases. One of the biggest challenges in
plasma physics is the development of a commercially successful fusion reactor to mimic the
processes inside stars like our own sun, where light atoms fuse into heavier elements and
release a gigantic amount of energy - nuclear fusion. Since it is impossible to generate the
gravitational force that is present inside the stars during the fusion process, nuclear fusion
on earth needs to be performed under enormous temperatures (exceeding 100 million degrees
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Celsius) [10], resulting in a very hot plasma that pushes the limits on materials used for the
reactor walls.

Besides fusion plasmas, one of the well established fields of plasma technology is plasma
based material processing. These processes usually do not utilize million degrees hot fusion
plasmas but are actually performed under almost room temperature. These kinds of plas-
mas are called low temperature plasmas (LTP), ranging from around room temperature to
a couple of hundred degrees Celsius. Since the requirements for ever shrinking structures
etched into a silicon wafer to produce integrated circuits, which are key features of a mi-
crochip, could no longer be met by commonly used wet etching techniques in the early 70’s,
the semiconductor industry was pushing for a new way to accomplish manufacturing these
demanding geometries [11]. Plasma based etching processes have the advantage of high se-
lectivity and anisotropy which results in a high aspect ratio of the trenches and has replaced
wet etching techniques in many fields. Since then, LTPs have opened up a wide variety of
methods and techniques for modification of surfaces of various materials commonly used in
the industry today. Besides semiconductor etching, plasma processes are used for modifica-
tion and activation, as well as cleaning of surfaces. The advantage of the low temperatures
during LTP processes enables the possibility to treat heat sensitive materials which was not
the case for pure chemical processes. The strength of LTPs is the different nature of its
components. While the ionized gas electrons are highly mobile and energetic due to their
small mass, the heavy ions are slow resulting in a non-equilibrium of the different plasma
components. This non-equilibrium makes it possible to be highly reactive and fuel chemical
reactions inside the plasma due to the electrons, but also at a very low temperature. This
ability and the fact that LTP processes enable a high level of control have made it the perfect
tool for industrial applications.

This has lead to a wide variety of different plasma based thin film deposition techniques.
One of the first methods of plasma-enhanced chemical vapor deposition (PECVD) is the
direct current magnetron sputtering (DCMS) where cathode material is fragmented by bom-
bardment of plasma ions which are accelerated onto the cathode. The sputtered material
can then condense on a substrate surface and create a thin film. Further enhancements of
the sputtering applications and the availability of more sophisticated power sources lead to
the application of pulsed sputtering techniques like high-power impulse magnetron sputter-
ing (HiIPIMS). In contrast to pulsing the cathode, implantation processes apply high voltage
pulses to the substrates resulting in implantation of ions into the surface. This is used e.g.
in medical implants as well as in doping processes for semiconductors.

Although plasma based surface modifications are widely used in the industry nowadays,
many industrial processes are operated in a trial and error approach and lack the fundamental
background of the mechanisms present during the different processes. The missing parts
necessary to obtain a complete picture of thin film applications can only be obtained by
applying extensive diagnostics on these processes, most notably energy flux measurements,
to be able to adjust the systems to produce the desired outcome. Additional knowledge
may also pave the way for improved modeling of applications allowing for more accurate
predictions and simulations. Especially the calorimetric probe has proven itself to be the
perfect tool for energy flux measurements. Since its introduction in 1978 [12] it has been
applied in many different environments [13-22].
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2 The plasma state of matter

2.1 Fundamentals of Plasma Physics

This chapter gives a basic introduction to plasma physics and relevant terms for this work.
The term ’plasma’ to describe an ionized gas was first introduced by Irving Langmuir in
1928 when he was searching for a way to extend the lifetime of tungsten wires used in
light bulbs [23]. Langmuir defined the plasma as a region of ’balanced charges of ions and
electrons’ and in analogy to a neutral gas, which is characterized by the temperature 7" and
a number density of particles per unit volume n, a plasma is defined by specific parameters,
called plasma parameters, and some basic properties.

2.1.1 Plasma definition and properties

A plasma is defined as ’a quasi neutral gas of charged and neutral particles which exhibits
collective behavior’ |9]. This definition covers the main three properties all plasmas have in
common and will be explored in the following.

Quasineutrality

As mentioned earlier, a plasma is described in a similar way than a neutral gas itself through
the densities of its charge carriers. Since it is commonly generated from a neutral gas by
ionization processes like impact ionization, it consists of positively charged ions and electrons
in its most primitive form. The sum of the density of electrons (n.) and positively (and
sometimes negatively) charged ions (n;) in a plasma equals zero:

Z Qi — €one = 0. (2.1)
k

Here, ¢ stands for the different charges of the ions (positive and negative) and eq is the
elementary charge of an electron. This leads to the fact that a plasma is macroscopically
seen as neutral [24]. In many cases it is therefore common to assume n; ~ n.. However,
it is possible that deviations from neutrality can develop on short scales in terms of several
Debye lengths (see section , which results in the supplement 'quasi’.

Collective behavior

To further pursue the analogy of a neutral gas, it is crucial to talk about the difference of
particle interaction. In a neutral gas, the only way of particles interacting with each other
is through collisions. It is a result of the short-range van der Waals forces, which decay with

the interparticle distance following % In a plasma this is a whole different story. Like
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the term itself suggests, collective behavior is merely a combined action of several particles
which results in important properties and characteristic behavior of a plasma. In contrast to
a neutral gas, the electrostatic interaction of particles in a plasma can be described with the
Coulomb potential, which slowly decays with r—2, making it a long range force in opposition
to the aforementioned van der Waals forces. As a result, each plasma particle interacts
with a large number of other surrounding particles creating a simultaneous response in the
case of an external force. One of the most prominent examples of collective behavior is the
Debye-shielding.

2.1.2 Debye-shielding and plasma frequency

The ability to reduce electric fields is one of the key features of a plasma. If one is to release
an additional charge Q" into the plasma, the trajectories of the electrons and ions respond
to its Coulomb potential

Q

el(r) = dmeqr

(2.2)

where, r is the distance to the positive charge, () the extra charge itself, and ¢y the vacuum
permittivity. As a consequence, the net charge carrier densities around QQ* change, trying
to compensate its presence to ultimately retain the status of quasineutrality. This leads
to screening of the electric field of the extra charge, meaning it no longer follows a strict
Coulomb potential [24]. The resulting potential is called Debye-Hiickel or Yakawa potential,

which follows 0
d =% /o
n(r) 4megr ¢

(2.3)

Here, Q/4meqr is the unperturbed Coulomb part and Ap is the so called Debye length which
is a characteristic scale length in a plasma.
The linearized Debye length consists of an electron and ion part and is defined as

A=A+ A0 (2.4)

The electron Debye length is given by

Eol{iBTe
Ape = 1/ , 2.5
D Ne.o 6(2) ( )

where kp is the Boltzmann constant, 7, the electron temperature and n. o the undisturbed
electron density. The ion Debye length is defined in analogy with the ion temperature 7;
and density n;o. Especially in LTPs, where T; < T, the ion term is often neglected and the
shielding is mainly performed by the more agile electrons. Figure shows a comparison
between the Coulomb and Debye potential, where a much faster decay can be seen for values
r > Ap in the case of a Debye potential. Therefore, a plasma needs to be at least several
Debye lengths in size (L > Ap) to actually be quasineutral and for the Debye shielding to
work.

The time scale at which the plasma can actually react to an external stimulus is given

by the inverse plasma frequency and is called response time 7, = w,, L. Here, the electron
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where m, stands for the electron mass. The ion plasma frequency is given using n; ¢ and the
ion mass m;, which is usually in the order of four magnitudes higher than those of electrons.
This means that only electrons are fast enough to follow disturbances at frequencies of
Wegt > wyp; which is used in many plasma systems with radio frequency (rf) driven discharges.
Finally, the amount of electrons shielding the positive charge QT is given by

plasma frequency is given by

Npe = =mApne . (2.7)

Following equation [2.5] electrons and ions exhibit different shielding lengths due to different
temperature of the species, leading to Np. # Np;. For the criterion of collective behavior
to be true, Np. > 1 must be fulfilled. Hence, if these requirements are fulfilled the plasma
species exhibit a fundamentally different behavior from that of gas particles which are bound
to interact upon the premise of the short-range van der Waals force through collisions whereas
multiple plasma species interact as a 'collective’ through the long range Coulomb force.

Further details on the definition of a plasma can be found in introductory textbooks such
as [9,24].
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2.1.3 Plasma sheath

In LTPs there is usually an inequality present in terms of thermal velocity of the different
plasma species. Electrons usually exhibit a much higher thermal velocity than the much
heavier ions, meaning they are more likely to hit a wall and recombine, leaving the plasma
with a local net positive charge. This process is even further enhanced due to the fact that
the plasma potential ®,; inside the plasma bulk is positive in reference to the wall potential,
increasing the probability of electron wall losses (as shown in figure . As a consequence,
an electric field develops due to the remaining positive charge, leading to trapping of electrons
inside the plasma which in turn results in a formation of an equilibrium in which the flux
of electrons to surrounding walls is equal to that of ions. The region right in front of a wall,
where electrons encounter a repulsive force and ions are attracted is called plasma sheath

(see figure [2.2)).

| |

plasma : pre-sheath : plasma

bulk | | sheath
[ I ()
| | A
| | |
—————————— F------1%,
| |
‘T_\I .

| /I
: ®(0j=0 :
| |
: : (Dwall

Figure 2.2: Plasma sheath model: The top graph shows the electron and ion densities n. and n;, respectively,
starting from the bulk plasma across the pre-sheath to the sheath, formed right before the wall. The potential
characteristics are shown in the bottom graph. This model works under the assumption of a Maxwellian
electron distribution.

The region between the plasma sheath surrounding the surface and the unperturbed
plasma is called pre-sheath. The formation of the plasma sheath and pre-sheath is one
of the most important properties of a plasma, since it leads to shielding of electrical charges
and reduction of electrical fields. Further, it defines the velocity of ions that are able to
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escape from the bulk plasma. Said velocity is defined by the Bohm criterion, developed by
David Bohm in 1949 [25] stating that every ion at the sheath edge possesses at least the
Bohm velocity
kpT.
my

v; > vp = (2.8)

which is equal to the ion sound speed. Hence, the ion flow is supersonic.

2.2 Plasma-wall interaction and energy balance

Every plasma process is spatially confined by some sort of wall. In many cases this can be a
grounded electrode, a substrate or a chamber wall. Since plasma processing of materials is
one of the fastest growing fields of plasma physics and has been widely adopted in industrial
process applications, plasma-wall interactions (PWI) are one of the key fields of study when
it comes to low-temperature, low-pressure plasma applications, such as surface modification
and deposition of thin films as well as semiconductor etching [14,20,26-31]. Even in the
thermal plasma research field which includes the field of controlled fusion, plasma-wall in-
teractions are studied extensively [32-34] where the goal is the creation of new compound
materials able to withstand the difficult requirements of the highly energetic plasma species.

In all cases, the interaction between the plasma and the surrounding surfaces is of key
interest and can be structured into three fundamental categories: First, there is a chemical
component which alters the surface due to chemical reactions supported or initiated by the
plasma. This includes surface cleaning and activation processes. Second, a physical compo-
nent describing the physical transformation of the surface by the plasma due to processes like
sputtering, implantation and secondary electron emission. And third, the energy transfer to
the surface which is caused by the aforementioned chemical and physical processes and their
energy flux to the substrate as well as any further process responsible for energy transfer
between the plasma and the surface.

In modern plasma applications it is crucial to understand those three key categories and
especially the third one can be directly related to important properties of the final product.
Understanding the energy transfer between plasma and surface enables a whole new level of
process control (e.g. etch rates in semiconductor industry, abrasion and erosion in combus-
tion engines and ion thrusters, film structures in plasma enhanced deposition processes). In
the ever growing branch of thin film deposition the properties of the films are highly depen-
dent on the energy transfer during the process itself. It can mean that a rather porous film
with specific properties will be deposited in one process, but changing one process parameter,
like the power that is fed into the system, will result in a whole different film growth (e.g. a
dense, columnar film) with a whole different set of mechanical and chemical properties. To
visualize the effect these parameters have on film growth, so called structure zone diagrams
(SZD) have been developed, which were first introduced by Movchan and Demshishin [35]
in 1969. A rather enhanced version was given by Thorton [27] in 1974 which led to a more
recent model by Anders in 2010 [28] which is shown in figure

The following sections will explore the most important processes contributing to the energy
balance at the surface in greater detail. Starting with a description of the particle balance
at the junction between the surface and the plasma, including particles originating from the
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Figure 2.3: Structure zone diagram (SZD) for energetic film deposition, where T* is a generalized homol-
ogous temperature, E* the normalized energy flux and t* represents the net thickness. The numbers on
the axes are given for simpler orientation only, since the actual values have a strong dependence on the
investigated material and many other process conditions. Illustration taken from .

plasma such as electrons, ions and neutrals as well as second generation particles such as
sputtered particles and secondary electrons.

2.2.1 The total energy flux

The energy transfer between a surface and a plasma is the result of the total energy flux
Jiotat Which can be divided into different categories. The total energy flux is described in
equation and consists of the energy flux from particles J,4,¢, surface processes Jgy, s, as
well as convection and conduction J,,, and radiation J.,q processes in addition to any loss
process Jj,ss reducing the energy transfer.

Jtotal :| Jpartl—H Jsurfl"'l Jconl"’l Jradl—H Jlossl (29)

The knowledge about the different contributions allows for calculation of quantitative values.
In practice, however, these values must be corrected with certain additional coefficients
usually describing the efficiency of a certain process like the probability of sticking of a
particle to the surface. In most cases these are probability values ranging from 0 to 1 and in
the following a value of 1 was used for all of those cases, meaning that the calculated energy
flux is always a maximum value and the real world value is supposedly smaller. Nevertheless,
the combination of electrostatic probe measurements (see section [3.4) and SRIM simulations
to obtain sputter yields and energy values of sputtered and reflected particles, as well as
calorimetric probe data (see section , which measures the total energy flux, allows for
stripping down the total energy flux into its main contributions.

10
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2.2.2 Contribution of particles

Energetic particles hitting a surface have a chance of transferring their kinetic energy to the
material they impinge on. Either they stick to the surface and deposit their entire energy
or get reflected leaving only a part of it. In the plasma case, these particles can be electrons
which are normally fast due to their small mass, ions or (fast) neutrals. As mentioned before,
the kinetic energy of heavy particles (ions and neutrals) has an important impact on film
growth and structures [20}27-29].

Assuming that every particle hitting the surface sticks to it, the contribution of particles

can be described as B
Jpart = FpartEkina (210)

with I'p, being the particle flux density and Ein the mean kinetic energy of the particle
stream. Since the energy deposited during film formation is responsible for optical and me-
chanical properties of the film, high energetic particles can lead to reduction of deposition
rate due to a less efficient sticking, unwanted implantation or even sputtering of deposited
material. Hence, the tailoring of kinetic energy is crucial for commercial technological plas-
mas, since it can lead to more efficient, cost reduced processes. Therefore, the contribution
of particles to the total energy flux can be written as a sum of its most relevant components
leading to

Jpart = Je + Ji + Ty, (2.11)

where J. is the electron component, J; the ion component and J, the energy flux part
generated by neutrals. These components are explored in the following sections.

Electrons

Arguably, the most important species in a plasma are the free electrons. They are basically
responsible for a majority of key plasma properties like the plasma potential or the degree
of ionization. Especially in LTPs they open up the most efficient channel of energy transfer
from external sources, e.g. energy transfer through magnetic and electric fields. Further,
electrons influence chemical reactions on a major scale, such as molecule fragmentation due
to electron impact dissociation. As mentioned before, electrons can be heated very effectively
as compared to heavier plasma species due to their small mass, hence, while the electrons
are comparatively energetic and possess a high temperature, the background gas resides at a
fairly low temperature level. This enables the plasma to be highly reactive at the one hand
but being able to do that in a rather low temperature regime on the other, opening up new
possibilities to treat a whole different kind of materials (e.g. heat sensitive materials likes
polymers or biological tissue).

The contribution to the energy flux due to electrons is described by their kinetic energy.
Since not all electrons depict the same energy because they lose energy in collisions and
other processes, one must assume an electron energy distribution and therefore introduce a
mean kinetic energy Ej,. for the electrons. The contribution to the total energy flux by
electrons is then written as

Je = 1—\e Ekin,e, (212)

with I'; = j./ep describing the electron flux density and j. as the electron current density.
The electrons can further be described with the help of an electron energy distribution

11
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function (EEDF). In many cases a Maxwellian energy distribution is assumed [29], leading

to
ks, :
Jo = ney| 2B7€ exp (—€) 2k 5T, = 222k p T, . (2.13)
2Tm, €o

Here, kp denotes the Boltzmann constant, 7, the electron temperature and m, the electron
mass, whereas £ = egVjias/kpT. describes the ratio between the potential difference of the
plasma and the surface and the electron energy. Besides a Maxwellian approach, sometimes
electrons are better described by a Druyvesteyn EEDF which leads to an electron energy
flux contribution described by

k:BTe

2Tm,

J, =n,

kT, (—€exp (—0.25€) + (1.79 + 0.89¢2) erf(0.5¢€)) . (2.14)

In case of a mono-energetic EEDF equation [2.12| can be written as

kBTe

2mme

Jo = ne o1 (1 — ) kpT, . (2.15)

In the case that the electrons are at a thermodynamic equilibrium the Maxwell distribution
applies. However, this is only valid if the degree of ionization is high since the electron-
electron collisions drive the EEDF towards a Maxwellian shape. With higher electron en-
ergies, however, inelastic collisions of electrons with heavy particles lead to a drop of the
EEDF in which case the Druyvesteyn approach gives a more accurate description for a lower
ionization degree [36]. A graphical overview of these three EEDFs is given in figure .

lons

Alongside electrons, ions are one of the most important species of energetic particles con-
tributing to the total energy flux. They can either be ionized atoms or molecules formed by
different processes like electron impact ionization, penning ionization or electron attachment
in case of the existence of negative ions such as O~. Since a plasma is always aiming to
retain its status of quasineutrality, the flux of ions and electrons onto a surface can therefore
be assumed to be the same at floating potential. The big difference between the electron and
ion flux is the fairly isotropic behavior of the electrons due to their high velocity, whereas the
ions are much heavier and follow a more directed flux. This is a key feature used in various
plasma coating processes since it allows for tailoring of the ion trajectories more easily.

In analogy to the electrons (see equation [2.12]) the ion contribution is described by
Ji = Ti Egingi , (2.16)

where I'; = j;/e is the ion flux density and Ekm the mean kinetic energy of the ions.
However, I'; as well as E;y,; are highly dependent on the discharge regime, which alters the

12
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Figure 2.4: Calculated energy flux by electrons as a function of substrate bias for various electron energy
distribution functions (EEDF) as well as the ion energy flux as calculated from the Bohm flux. The exper-
imental values origin from a typical DC magnetron sputter system using Ti as target material in an argon
discharge at 1 Pa and 50 W resulting in n, = 5.5 x 10> m™2, kT, = 2.5 eV and a plasma potential of
o, =21V.

ion current density j;, which can be described by the following expressions [37]:

kgT,
i = ey 2= exp (—=0.5) Bohm-flux
4 0%
Ji = 52—2 ;—iﬁ Child-Langmuir (collisionless) (2.17)
1
Ji = 7 thermal flux
Ji = NiVamp ambipolar diffusion

Here, n. is the electron density, kg the Boltzmann constant, T, the electron temperature, e
the elementary charge and ¢y the vacuum permittivity. Further describes ®4;, the potential
drop in the sheath and d, the corresponding sheath width, v; and v, denote the ion
velocities. In many plasma applications the typical pressures are in the order of several
Pascal or lower, rendering either the Child-Langmuir law inspired equation (p < 1 Pa) or
the Bohm equation (p < 10 Pa) as the most adequate form of the ion current. The change in
pressure does not only influence the ion current but also their mean kinetic energy, which is
also strongly dependent on apparatus geometry, gas mixture and type of gas discharge. The
influence of the pressure on the ion energy distribution function (IEDF) is shown in figure

for an Ar discharge.
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Figure 2.5: Effect of Ar pressure on the ion energy distribution function (IEDF) in a DC magnetron
sputtering discharge using a Cu target at a discharge current of about 0.4 A. Image taken from [38].

In basic plasmas it is assumed that the amount of negative ions is negligible and therefore
only positive ions exist. They gain their energy due to acceleration in the sheath in front of
the surface, meaning their kinetic energy is primarily determined by the voltage drop ®,; in
the sheath. In this case the kinetic energy of the ions can be described by

However, this simple equation fails to describe the ion contribution correctly at higher pres-
sures. In this case the mean free path A, s, of the ions decreases with increasing pressure.
Once it is in the order of the sheath thickness d,, or even smaller, the effect of collisions is
no longer negligible and ions will start losing significant amount of kinetic energy. Thus, the
IEDF is no longer monoenergetic as shown in figure 2.5 where the high energy tail is vastly
diminishing with increasing pressure.

In addition to positive ions it is necessary to talk about negative ions as they are bound to
form in reactive plasma environments with oxygen admixture or in electro-negative plasmas.
In contrast to the aforementioned acceleration of positive ions within the sheath, negative
ions are decelerated as they pass through the sheath on their way to the most positive region
of the plasma (most dense region), resulting in loss of kinetic energy. Due to their relatively
low kinetic energies (thermal ions), they reside in the bulk plasma for a long time. It is still
possible though, for negative ions to gain high kinetic energies if they are produced close to
an electrode, such as a negatively biased target of a magnetron and be accelerated away from
it. This way they are able to gain energies in the order of several hundred eV. Although,
such negative ions usually have a small current density they can do a lot damage to the
surface structure when impinging on the surface with such high energies and alter the film
properties in unwanted ways [39,40]. The most commonly occurring negative ions in plasma
processing are O~, O, and SFy.
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Neutrals

In theory the description of the contribution of neutral particles is very similar to that of
ions and can be written in analogy of equation [2.16| as

Jn =T Erinn - (2.19)

Since neutrals do not carry any charge, their flux density is not dependent on the substrate
potential as it is the case with electrons or ions. However, the detection and investigation
of neutrals in a plasma is more complicated since they can not be manipulated with electric
fields. The main three source processes for neutrals in technological plasmas are sputtering
of target material atoms, reflected neutrals and recombined energetic ions known as fast
neutrals.

In general LTPs are characterized by low ion and neutral gas temperatures resulting in
low kinetic energies of the neutrals of around several 10 meV up to a few eV [29]. Neutrals
which do not contribute to film growth will desorb from the surface as thermal neutrals.
The only dependent factors to the energy contributions are the surface temperature T,
and the gas temperature Tj,, which leads to a more enhanced version of equation m

Jn = Fn kB (Tgas - Tsurf) (220)

It must be noted that due to the energy distribution in the gas, the temperatures are averaged
values which is in analogy to the ka,n in equation . As long as the flux density I',, and
the energy of the neutrals are small this energy flux is not one of the major contributors
to the total energy flux. However, in different plasma systems like atmospheric pressure
plasmas the high gas throughput and gas temperatures can lead to a significant amount of
energy deposited on the surface leading to substrate heating.

To kick things off with the different source processes the following lines will go a little
bit more into detail about sputtered neutrals and sputtering itself. One of the main pillars
in today’s thin film industry is plasma based physical vapor deposition (PVD). Its main
mechanism is called sputtering, a process where accelerated ions or fast neutrals impinge on
a surface, triggering a collision cascade inside the solid and eventually leading to a target
atom leaving the surface. This technique is not only used in vaporization processes where
free material has to be 'generated’ but also in semiconductor etching applications where
complex geometries are etched into a silicon wafer as a basis for modern microchips. When
a particle is sputtered from a surface it possesses an initial energy which is highly dependent
on various parameters such as angle of incidence and mass of the impinging particle as well as
its energy and further, various surface conditions like the mass of the target material atoms
as well as surface temperature and structure [41,42]. The number of sputtered particles per
incident particle may vary and the overall probability is usually described by the so called

sputtering yield Y:

v — number of s'put.tered par?icles (2.21)
number of incident particles

In most cases the particles that contribute to the sputter yield are ions, although energetic
neutrals may also sputter target material. A visual description of the influence of incident
particle energy on the sputter yield Y is given in figure which shows the sputter yield of
krypton ions in various materials depending on the ion energy.

15
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Figure 2.6: Energy dependent sputtering yields for Cu, Pt, Ni, Mo, and Ti in Kr. Data taken from figure
3 in [43].

In typical magnetron sputtering processes the sputter yield is in the range of about 0.1
up to 2, mostly depending on the incident ion energy and mass ratio of incident and target
material [44]. The kinetic energy of the sputtered neutrals is usually much higher than the
energy of the neutral gas background and is in the order of several 10 eV for typical process
plasmas. Besides determination of sputter yields through experimental approaches common
simulation models like Stopping Range of Tons in Matter (SRIM) are used to estimate sputter
yields |45]. The collision cascades are simulated with the help of the Transport of Ions in
Matter (TRIM) package. The software outputs parameters such as number of sputtered
particles, sputter yield and energy of sputtered and reflected particles

Another source process of energetic neutrals are reflected neutrals. Reflection of particles
always occurs in sputtering processes and gains significant importance if the incident particle
mass M; is much greater than the target material with mass M, or vice versa. In general,
the probability for reflection is rather low as compared to the sputter yield, although, the
resulting energy flux can often be in the same range or even surpass it since the reflection
leads to the preservation of kinetic energy. The relation between the velocity of a reflected
particle v, and its initial velocity v, is only dependent on the mass ratio and follows

M, — M,
refl = | ————— | Vinit - 2.22
Urefl <M1+M2>” ! (2.22)

This equation is another way of expressing the accommodation coefficient « (see equation
2.29) which is introduced in section [2.2.4] Another technique to willingly produce highly
energetic neutrals is the utilization of ion beams. In this case ions are created in a source
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plasma and then extracted through a grid system. The neutralization can either be happen-
ing inside the grid holes or right after passing the grid system due to a neutralizer as well
as by charge exchange collisions in the sheath in front of an electrode. These neutrals still
exhibit high kinetic energies due to the acceleration at the grid system and depending on the
acceleration voltage they can usually range between a few 100 eV of up to several keV [46].

However, there is always the possibility of collisions of energetic ions with neutrals which
can either be elastically or with charge exchange. Either way the result of those collisions
are fast neutrals with a significant amount of energy. Charge exchange (CXE) occurs when
the electron shells of a neutral atom and an ion come into contact, and an electron transfers
from the atom to the ion. In this case the energetic ion can be neutralized without losing its
kinetic energy. In the case of an elastic collision, some or even all of the momentum of the
incident particle is transferred to the collision partner. Anyhow, these two processes do not
play an important role in low pressure regimes but gain significance with increasing pressure
at around 1072 Pa. The increase of pressure increases the possibility of collisions since the
mean free path A, r, of the particles decreases and reaches values of typical vacuum vessel
dimensions. In typical ion beam experiments neutralized particles can make up for roughly
70% [47,48]. In RF or magnetron discharges, where the nominal pressures are usually higher
(several Pa to a few 100 Pa) this effect leads to neutrals with equivalent energies than those
of accelerated ions.

2.2.3 Surface processes

This section covers the main processes taking place on the surface that are relevant to the
total energy flux. Many process plasmas exhibit complex occurrences that are especially
versatile in reactive systems where plasma chemistry plays an important role. However,
the complexity of these systems and the qualitative description of every single process would
exceed this work, which is why in the following the three main contributions of recombination
processes, film formation as well as chemical reactions are described in more detail.

Electron-ion recombination

Ions hitting a surface will recombine with an electron and be neutralized. In order for an
ion to actually be able to reach the surface, the surface potential has to be more negative
than the plasma potential &, < ®,,. In many cases the chamber walls are grounded and
conductive substrates are used and can therefore easily provide the electrons necessary for
the recombination process. Even if the surrounding walls are at floating potential, which is
defined as the potential at which the ion and electron current are equal (j. = j;), enough
electrons are present to recombine with the impinging ions. Since the crucial factor of this
process is the amount of ions reaching the surface this process is mainly influenced by the
ion flux density I'; and follows

Jree = Ui (Eion — Eews) - (2.23)

Here, Ej,, is the ion energy and FE.,; the electron work function. FE.,; accounts for the
energy an electron has to overcome to be released from the surface. This energy is reducing
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Figure 2.7: Energy diagram of a free electron metal in the conduction band. The density of states n(e) is
shown as a hatched area. Illustration after [49)

the overall energy flux because it is needed to energetically raise the electron from the Fermi
level to the vacuum level which is illustrated in figure [2.7]

However, this is only true for metals but does work for semiconductors and dielectrics
in a similar manner, where the electron work function is replaced by the minimum binding
energy of a valence electron [31].

Film formation

Besides electron-ion recombination, film formation is one of the significant contributors to the
energy flux caused by surface processes. When a sputtered particle or precursor fragment
hits the surface it is most likely to condense on it. During this process the enthalpy of
sublimation F,; is released adding an additional contribution to the energy flux caused by
the kinetic neutrals hitting the surface. In analogy to equation the contribution of film
formation can be written as

Jsunl = I'n Egunr - (224)

In this equation I',, denotes the flux of film-forming neutral particles. In many coating
applications the flux of the particles actually contributing to the film can be measured using
an in-situ or ex-situ approach. In terms of an in-situ solution devices like a quartz crystal
microblance (QCM) are used to determine the growth rate (see section whereas an ex-
situ approach would be to determine the film thickness after the process with the help of a
profilometer, various microscopy (e.g. laser or SEM) or X-ray techniques.

Chemical reactions

A plasma in its most basic form only consists of ions and electrons generated from the
neutral gas. In order to conduct chemical reactions in a plasma, gas admixtures of atomic
and molecular gases are introduced into the process. These plasmas are called reactive
plasmas and the admixtures can range from plain molecules like Hy, Ny and O to complex
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precursors such as aluminium triisopropoxide (ATI) or hexamethyldisiloxane (HMDSO).
Either way, due to the electrons a plasma can be host to chemical reactions which would
normally only occur under very high temperatures at a state of thermodynamic equilibrium.
The electrons tend to break up those molecules leaving the plasma with highly reactive
radicals and fragments. Depending on the chemical structure and charge of the fragments
further reactions like formation of polymeric chains are bound to happen or they will be
further dissociated. Due to momentum conservation formation usually happens within a
three body collision which is more likely to happen at a chamber wall or a surface rather
than in the bulk plasma of low pressure applications, since the mean free path is usually
greater than the vacuum vessel dimensions. Therefore, upon re-formation of a molecule the
binding energy Fj is released at the surface. For a two atomic molecule like Hy that is
reforming at the surface the transferred energy can be described via

1
Jmol = §Fn Eb (225)

using the neutral flux I',,.

2.2.4 Conduction and convection

Especially in laboratory plasmas there will always be contact of the substrate with some kind
of heat conductive material, whether it is some kind of substrate holder or the background
gas. The physical contact allows energy to be transferred away from the substrate (if the
conductor is at a lower temperature), or to be added as an additional energy flux (if the
conductor is at a higher temperature). The conductive energy flux can be described with
the help of Fourier’s law of heat conduction and follows
Jcond = 14i )‘ZlAC
S C
Here, A, is the area of the substrate surface and A. the cross section of the conducting
element. \. and d. stand for the heat conductivity and length of the conducting material
and T, and T, denote the temperatures of the conductor and the substrate surface, respec-
tively. This equation describes a rather simple approach, in reality however, the definition
of the heat reservoir is rather complex. The physical contact between the substrate and the
conducting material defines the thermal conductivity and in most cases it is hard to define
where the reservoir is ’located’, since by its definition it is the point where the temperature
stays constant during the investigated time period. Therefore, this method is prone to errors.

For most low-pressure plasmas the contribution of convection is of less importance since it
describes the interaction with the background gas. The gas pressures in these processes are
fairly low, which limits said interaction. However, for higher pressures where the molecular
flow is replaced by Knudsen flow or viscous flow it must be taken into account [50].

In the free molecular regime (p < 10 Pa), where the Knudsen number is considerably
greater than (Kn > 1), the mean free path of a gas atom A, is in the same order
or even greater than the sheath thickness of the boundary layer in front of the substrate
(dy < Amgp). As a result, the energy flux is highly dependent on the difference between the
substrate temperature Ty and gas temperature T}:

Jconv,mol = aXp(Tg - Ts) . (227)

(T. - T,) . (2.26)
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20 2.2 Plasma-wall interaction and energy balance

Here, o stands for the accommodation coefficient, x denotes the free molecular heat con-
ductivity and p is the gas pressure. Knudsen describes the free molecular heat

conductivity as
— Cp/cv + 1 R 1/2 (2 28)
cp/cy — 1 \ 81T, M, .

where ¢,/c, denotes the adiabatic coefficient with ¢, and ¢, standing for the specific heat at
constant pressure and constant volume, respectively. R is the universal gas constant and M,
is the atomic mass of the gas atom. Further, the accommodation coefficient « is given by
Ei, — E;
By, —E,’
where F;, and Ey are the initial and final energy of the gas atom, respectively. The thermal
energy per atom of the substrate is described through Fi.

(2.29)
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Figure 2.8: Energy flux contribution of conduction and convection as a function of the temperature differ-
ence between substrate and background gas or heat reservoir. The values for the free molecular flow were
calculated using o = 0.87 (Ar on Ti ) and a free molecular heat conductivity of xy = 0.67 W/(m?K Pa).
The adiabatic coefficient was chosen to be ¢,/c, = 5/3, the gas temperature was set to room temperature
T, = 293 K and the ion mass of argon is M, = 39.948 g/mol. For p = 0.1...10 Pa equation [2.27 was used,
at p = 100 Pa it is no longer valid and the energy flux was calculated using equation [2:30] instead, with
Nu=1,; =1.6-10"2 W/(mK) and a thickness of the boundary layer of dy; = 1 mm . The conductive
curve was calculated using with the thermal conductivity of copper A. = 380 W/(mK) for a wire with
1 mm diameter and a length of d. = 2 cm and a probe surface area of A, =9.5-107° m? for a @ = 11 mm
copper platelet.

In systems where A, << dy the collisions and interactions between particles and the
background gas grow in significance. Therefore, at higher pressures where Kn < 1 the
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system is better described by the collisional regime and the contribution of convection is

given by Fourier’s law:

T, =T,
dyl

Here, Nu stands for the Nusselt number and A, is the thermal conductivity of the gas.
Figure 2.8 shows the energy flux created by the background gas for different pressures and
various T — T,. Especially for higher pressures and huge differences in substrate and gas
temperature this contribution can gain in significance, although, for most setups the energy
flux will be dominated by conductive cooling.

Jconv,col - Nu}‘g

(2.30)

2.2.5 Radiation

One of the most obvious and accessible features of a plasma is its glow. Every element
has its distinguished color which is used for lighting devices like street lamps, luminous
advertising or plasma screens. However, a plasma does not only emit radiation in the visible
light spectrum but also in ultra violet (UV) or infrared (IR). It is therefore no surprise that
this kind of radiation contributes to the energy flux onto a surface.

Thermal radiation (IR) may be caused by hot filaments, electrodes or targets as well as
by heated chamber walls themselves and can be described using the Stefan-Boltzmann law:

JTad,IR =0 (Erad Tfad — €5 T54) (231)

Where o = 5.67 x 107® W/(m?K*) denotes the Stefan-Boltzmann constant, €,4q and €, the
emissivities, and 7T,,q and T, the temperature of the radiating surface and the substrate,
respectively. In many cases it is more accurate to account for the geometry of the system
with the introduction of a geometry factor R(A,.q) since equation describes the complete
energy transfer [37].

Alongside thermal radiation another contribution is caused due to line radiation. Line
radiation can range through the whole spectrum starting at UV through the visible spectrum
to the infrared. It is dependent on the photon flux I',, originating from the plasma and the
mean photon energy E,;, and follows [55]

Jfrad,ph = th Eph . (232)

On paper, this contribution does not look too complicated at all, however, in real environ-
ments it is extremely difficult to obtain an absolute measure of the photon flux which gives
rise to significant errors.

2.2.6 Loss processes
Sputtering

In one of the previous sections (see section the idea of heavy particles bombarding
a surface and evaporating target material was introduced under the name of sputtering.
In contrast to those heavy particles dissipating energy in the solid, particles leaving the
surface take energy away and are therefore accounted for with a negative energy flux. In
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the description in section the influence of collisions with the background gas was not
discussed although it would lead to a reduction of the energy flux, which is why the same
formula applies in the case of sputtered particles leaving the substrate. For this mechanism
to really have an impact on the energy flux, the flux of highly kinetic particles needs to be
significant. Although the threshold energies for sputtering start at only a few eV, the sputter
yields in the case of low energy particles impinging on a surface are fairly low [56], which is
why this effect can often be neglected.

Secondary electron emission

Secondary electrons are an ubiquitous nuisance in many plasma process applications neces-
sitating excessive current supplies and shielding for X-rays generated by them. In addition
they can hinder plasma processes and deteriorate their outcome. In other cases they are a
welcomed and crucial mechanism (e.g. plasma generation, cathode ray tubes, electron mul-
tipliers). While sputtering is only observed for heavy particle bombardment (ions, neutrals),
secondary electrons are known to be created by impact of electrons and photons as well [57].
The contribution of secondary electrons as an energy loss process (negative sign) is given as
the product of the secondary electron flux I'y.. leaving the surface and their mean kinetic
energy Fsee,km and follows

Jsee = —Lgee Esee,kin . (233>

In analogy to the negative energy flux originating from sputtered particles leaving the surface,
this contribution will be comparably small and can often be neglected. However, the difficulty
of handling secondary electron emission (SEE) at surfaces when current measurements are
performed can not be neglected. Secondary electrons tamper with the current measurements
in a way that a secondary electron leaving the surface will account for a higher current
(positive net current) or decrease the actual value (negative net current). In processes
with a high amount of energetic particles bombarding a surface like plasma-immersion ion
implantation (see section this mechanism can result in significant deviations if the
energy flux is deduced from electrical current measurements.

2.3 Plasma sources and coating techniques

In contrast to natural plasmas as they occur in space, laboratory plasmas need a constant
power input to sustain the discharge and account for energy losses due to charge carriers
hitting a wall. Since its early days where discharge tubes were driven with a DC unit, plasma
generation has come a long way and is as versatile as its applications [58,/59]. In the following
sections various plasma sources and coating techniques are presented that are relevant for
this work.

2.3.1 Basics of plasma generation

To ignite and sustain a plasma discharge the generation of charge carriers (electrons and ions)
is fundamental. The whole process can be described as some sort of avalanche effect. Due
to natural radiation (ionizing cosmic radiation) there are always some free charge carriers
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available in a neutral gas. Those free electrons need to be accelerated either with the help of
electric fields or microwaves. Once they have reached energies above the ionization energy
of the neutral gas they are able to ionize the neutrals by electron impact ionization. As an
easy example the process can be described by

e+ A— AT 42, (2.34)

where an electron e~ collides with an atom A . Now there are two electrons which in
turn are again accelerated and after gaining enough energy are able to ionize other atoms
and create additional electron-ion pairs. This avalanche effect is best described by the first
Townsend coefficient a which follows

Vion
= 2.35
o=t (2.35)

where v;,, is the ionization frequency and wv; the mean drift velocity of the electron. An
illustration of the electron avalanche effect can be seen in figure

*‘\ e
+‘\/ e

cathode glow

Figure 2.9: Illustration of the electron avalanche effect. An electron accelerated away from the cathode
generates an electron-ion pair with the probability a which leads to even more pairs and ultimately to plasma
generation. Secondary electrons can be generated due to ion impact at the cathode with the probability ~.

After .

However, when electrons and ions reach the chamber wall or an electrode they recom-
bine, therefore, there is always the need to generate more electron-ion pairs to sustain the
discharge. As described in section there is always a chance of generating secondary
electrons if particles are hitting a surface. For ion induced secondary electron emission the
secondary electron yield ~, which is characterized as

number of released electrons

_ 2.36
7 number of incident ions (2:36)
is about one order of magnitude higher than that of electron induced secondary electrons.
Additionally, there is a chance of electrons generating secondary electrons (0 coefficient) when

hitting the anode, but those electrons are immediately accelerated back towards the anode
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and are therefore usually neglected. Ultimately, to sustain a stable discharge Townsend’s
stationary law

v(exp(ad) —1) =1 (2.37)

needs to be fulfilled, demanding that the number of electron-ion pairs generated by the
a-process is sufficiently high enough so that the probability for a y-process becomes unity.
Townsend developed an empirical law for the dependence of a on the electric field which

follows
o B
~ Aexp <__) | (2.38)
mfp E/)\mfp

A

Here, A and B denote constants that are characteristic for each gas, a/A, s, stands for the
electron multiplication per mean free path and E/\,,r, the energy gain of an electron per
mean free path. Hence, equation [2.38| is independent of the gas pressure. The breakdown
voltage is defined as U,q = Epqd and combining it with Townsend’s stationary law (equation

2.37) yields Paschen’s law

Bpd
In(Apd) —In (In(1 +1/7))

Upg = (2.39)

It can be seen that the breakdown voltage is dependent on the product of the distance of
the electrodes d and the pressure p. Plotting the breakdown voltage against the product of
pd results in the characteristic Paschen curves. This was done in figure for nitrogen.

105: T R | T T T T N |

Upqg V)

102 ; .

102 1 | HHM‘O | ““‘“‘1 | HHM‘Z o 3
10 10 10 10 10
p-d (Pa-m)
Figure 2.10: Paschen curve for nitrogen with the breakdown voltage U,y plotted versus the product of

pressure p and distance d. For the calculations according to equation the constants A = 90 (kPa-cm)~!
and B = 2565 V/(kPa-cm) [60] and a secondary electron yield of v = 0.1 were used.
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Every Paschen curve possesses a pronounced minimum. Left of it, the number of atoms is
too low for sufficient ionization, right of it the energy gain per A, is not sufficient enough to
produce electrons with energies high enough to ionize. Both effects have to be compensated
by a higher electric field resulting in a higher breakdown voltage.

However, besides these processes there are some other possibilities to create charge carriers
for sustaining the discharge. In addition to the presented collision processes like the afore-
mentioned charge exchange collisions, penning ionization [61,/62] or metastable-metastable
ionization can help sustain the discharge. Nevertheless, the process described in this section
is fundamental to every plasma generation source, regardless if it is a direct current (DC),
radio frequency (RF) or pulsed plasma generation power source like high-power impulse
magnetron sputtering (HiPIMS) or plasma immersion ion implantation (PIII).

2.3.2 Magnetron sputtering

Magnetron sputtering is considered as the workhorse in industrial coating processes and can
proudly look back on a 40 year old history [63H65]. Therefore, nowadays there is a broad vari-
ety of different sputtering techniques available, ranging from different power modes like DC,
RF and pulsed magnetron sputtering (e.g. HIPIMS) as well as different geometrical solutions
like planar or cylindrical magnetrons. In all cases, the underlying principle of magnetron
sputtering (as described in section [2.2.2| and [2.2.6]) describes the physical evaporation of tar-
get material due to impinging particles. The sputtered atoms condense on a surface forming
a thin film whose properties are highly dependent on various process parameters. However,
sputtering is not only performed by magnetron sputtering systems but also includes hollow
cathode sputtering (or gas flow sputtering) [66,67], ion beam deposition [68(69], pulsed laser
deposition (PLD) [70] or cathodic arc deposition [71]. For the purpose of this work the
following section will concentrate on magnetron sputtering.

A typical magnetron consists of two electrodes whose arrangement is highly depending on
the type of power source. A sketch of a planar magnetron is shown in figure where a
slab of target material is posing as the cathode.

Behind the target is a pair of opposing ring magnets usually embedded in some kind of
cooling circuit to cool the magnets and target material since the impinging ions deposit quite
an amount of energy, resulting in significant target heating. A cylindrical housing poses as
the anode usually set to ground potential. In order to generate a strong electric field the
target is negatively biased with several 100 V to attract the plasma ions. There is one main
region where the magnetic field lines in front of the target run parallel to it and the electric
field lines are perpendicular to the magnetic field. In this region the electrons are efficiently
trapped due to the Lorentz force

ﬁqu(E+ﬁx é) : (2.40)

prolonging their residence time and therefore significantly enhancing the possibility of further
ionization. Here, ¢ is the charge of the electron, E and B the electric and magnetic field
vectors, respectively, and ¢ the velocity of the electron. In this region the plasma densities
are higher than in other regions leading to a high ion flux towards the target. Since the planar
magnetron is radially symmetric that region can be identified as a bright plasma torus which
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Figure 2.11: Sketch of a typical planar magnetron as used in many plasma coating applications.

produces its cast in the target material - the so called race track. This evaporation trench
is a cumbersome nuisance in magnetron sputter deposition since it leads to inhomogeneous
abrasion of the target and more frequent target change increasing the production costs. A
more homogenous abrasion of the target material has since been an issue which lead to the
innovation of the so called rotatables, where the target is not in the form of a simple slab but
rather of cylindrical shape rotating during the process. Rotatatbles were able to raise the
exploitation of the targets from around 40-70% to around 85%. However, the costs to melt
unevenly used targets and meanwhile replacing them with new ones is common practice and
in most cases more economic than an overhaul of the whole production line and investments
in new magnetron sputter sources.

Another crucial factor is the arrangement and strength of the magnets inside a magnetron
since it greatly affects the type of discharge as well as the particle fluxes of electrons, ions
and neutrals to the substrate [72[73]. There are three basic magnet configurations used in
magnetrons which are illustrated in figure 2.12]

In general they can either be in a balanced (type II) or an unbalanced (type I and III)
arrangement. Type I uses an inner magnet which is significantly stronger than the outer
magnet resulting in unclosed magnetic field lines directed radially to the chamber walls.
Hence, the axial component of the magnetic field is basically eliminated, leading to a low
density plasma in the substrate area. In configuration type II all magnets exhibit the same
strength which is why all magnetic field lines are closed. Type III is the opposite case of
type I where the outer magnet is significantly stronger than the inner magnet leading to
magnetic field lines not running through the center and reaching the surface. Therefore, ions
can easily reach the surface even without additional substrate biasing [74]. It was proven
that the ion current density of type III could actually reach values of about 5 mA /cm? which
is one order of magnitude higher than that of conventional balanced magnetrons (type II)
and up to 100 times higher than type I [73,[74]. In addition to higher current densities,
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unbalanced balanced unbalanced

Figure 2.12: Illustration of the three main magnetic field configurations in a magnetron showing an unbal-
anced (I and IIT) and balanced (II) magnetron. Taken from [73]| and modified.

also higher ion-to-atom ratios were reported, where a ratio of 2:1 was noted for the type III
configuration as compared to a 0.00025:1 ratio for type II |73}/75]. In many cases a higher
degree of ionization during plasma processing is desired since it allows substantial tailoring
of film growth and properties due to the ability of manipulating charged material. Another
important influence of magnetic field configuration in thin film deposition is the effect it has

on the deposition rate
film thickness
R — 1 MHCRNOSS (2.41)
sputter time
If the sputtered particles are trapped after emitting from the target surface they cannot par-
ticipate in film formation leading to increased deposition times for a targeted film thickness.
To get a grasp of how unbalanced a magnetron really is, a coefficient |72] can be calculated
following
(I)l . fsl BJ_I dS

K:__—v
By [, BiadS

(2.42)
where B|; and S; denote the perpendicular component of the magnetic field and the cross
section of the outer magnet and B,, and S, in analogy the same for the inner magnet,
respectively. For K = 1 the magnetron is in balanced configuration. For simplification an
approximation is usually made using

2Rg

e (2.43)

Here Zp, stands for the axial distance to the point in front of the target where the magnetic
field is zero and Rg the radial distance from the center of the target to the center of the race
track.

There a several ways to control a magnetron discharge in terms of power source. Typically
one has to decide whether to operate in voltage, current or power mode. A voltage regulated
mode is chosen if the energy of the sputtering ions should be the same, a current regulated
mode secures a constant ion flux onto the target whereas a power regulated mode is a trade-
off between those two modes. For better comparison of different magnetron systems the
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current-voltage-characteristics are usually compared. Thornton [63] described the relation
between current and voltage of a magnetron as

I U", (2.44)

where the exponent n describes the efficiency of the electron trapping and is primarily de-
pendent on the working pressure, target material and magnetic field strength. It is typically
ranging from values of 5 to 9. This relation can be traced back to the abnormal glow
discharge given that the magnetron operates in that regime.

However, all these techniques require conducting target materials. If one is to use insulat-
ing materials the deployment of a RF power source is of the essence. The high frequency of
the RF cycle is too fast for the heavy ions to follow whereas the electrons can easily keep up
and hit the target resulting in a negative net charge on the dielectric surface which in turn
accelerates the ions and allows for a sputter process.

High-power impulse magnetron sputtering

One downside of common DC magnetron sputtering (DCMS) is the amount of ionized sput-
tered material produced [76]. The amount of neutrals usually far exceeds the amount of
ionized material limiting the versatility of the process. The desire to improve this factor
lead to the innovation of different sputtering techniques. Sometimes the degree of ionized
material is improved due to an RF coil post-ionizing material after the initial sputter process.
The aforementioned cathodic arc evaporation creates very localized extremely high current
discharges, producing regions with a high degree of ionization. Hollow cathode sputtering is
a third alternative sputtering technique, where electrons are trapped inside a hollow cylinder
accelerated by the electric field. Since the cathode wall is repulsing the electrons are trapped
in the more centered region of the cylinder constantly accelerated through the sheath leading
to high plasma densities and high degree of ionized material. Another promising technique
that merely requires a change of the power supply and can usually be used with the existing
equipment is called high-power impulse magnetron sputtering (HiPIMS) first introduced by
Kouznetsov et al. [77] in 1999. HiPIMS power sources apply high voltage pulses with pulse
widths of about 10-500 us and pulse repetition frequencies of a few tens of Hz to kHz [78].
Discharge voltages are usually in the range of 500-1000 V leading to current densities at the
target of a few A/cm?. During the pulse, peak powers in the order of several kW /cm? are
easily reached, however, the time averaged power is only in the range of a few W/cm? due to
low duty cycles, preventing damage at the magnetron or target melting. A typical HIPIMS
pulse is shown in figure [2.13

During the pulse the charge carrier density in front of the target is in the order of 108 to
10" m~3 as compared to densities of about 10! to 10'® m=3 in common DCMS processes,
decreasing the mean free path of sputtered material from roughly 50 cm (DCMS) to about 1
cm (HiPIMS). The high degree of ionization introduces the possibility of self sputtering [30]
where the ionized target material is itself accelerated onto the target surface sputtering new
material and induce secondary electron emission making a process gas obsolete and allowing
for deposition of extremely pure films [81]. However, in contrast to DCMS, there is a bigger
chance in HiPIMS to generate multiply charged ions. If these ions are accelerated towards
a biased substrate they can evoke stress in deposited films, since a bias voltage of about
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Figure 2.13: Current-voltage-characteristic of a typical HIPIMS pulse using a 6 inch Cu target at a pressure
of 1.33 Pa in an Ar discharge. The peak current density is about 1.6 A/cm?. Taken from [79).

-50 V leads to a double charged ion gaining energy of about 100 eV depositing a significant
amount of energy. Hence, there is even a chance of implanting that ion leading to unwanted
problems like film delamination. However, HIPIMS processes enable the deposition of films
with superior properties in terms of density, structure and hardness [82].

2.3.3 Plasma-immersion ion implantation

Conventional ion implantation as practiced in the 70’s and early 80’s has been shown to be
quite effective in improving the wear, corrosion, fatigue and friction properties of materials
and in modifying their electrical and optical properties [83-85]. It is also a widely used
method for doping semiconductors, e.g. adjusting the threshold voltage of a MOSFET. The
main advantages of ion implantation can be summarized as follows [86]:

e selective change of surface properties without changing the bulk material properties

e no problems associated with bonding failure or surface layer delamination

e new alloys are not limited by classical thermodynamic properties and diffusion kinetics
due to non-equilibrium process

e not a real coating process, hence, no dimensional changes in the work piece
e low temperature process

e implant species concentration can be tailored by changing the implantation energy
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However, ion implantation was usually realized as a two step process where the ions were
generated in the first stage and then extracted and accelerated onto the substrate [87]. Since
this process was a line of sight operation, complex beam rastering and target manipulation
was required to achieve uniform implantation. Further drawbacks of conventional implanta-
tion include high maintenance of the beam extracting and focusing mechanisms as well as
low beam current and nonuniform implantation profiles as well as low-energy efficiency per
implanted ion. In 1987 Conrad et al. [86] proposed a plasma source ion implantation (PSIT)
method, a technique which is nowadays known under the label of plasma-immersion ion im-
plantation (PIII). PIIT allows for ion generation right ’in front’ of the substrate, purging the
necessity of a staged implantation setup. Additionally, due to the plasma sheath forming
around the substrate, ions from the bulk plasma are accelerated onto the surface regardless of
the geometry and allow for a homogenous implantation without any beam rastering. Hence,
the intermediate stages of ion source, beam extraction and focusing as well as beam scanning
are obsolete. An illustrative comparison between conventional ion implantation and PIII is

given in figure [2.14]
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ion implantation ion implantation
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Figure 2.14: Comparison between (a) conventional ion implantation and (b) plasma-immersion ion im-
plantation. In conventional ion implantation a directed beam of ions is hitting a limited surface area of the
substrate, whereas the ions in PIII are accelerated in the sheath surrounding the entire substrate.

The main mechanism happening during one pulse can be explained with a model by
Lieberman who introduced a basic model for the sheath expansion during PIII [87].

Lieberman model

As explained in section the time scale in which a plasma can react to an external
stimulus is defined by the inverse electron plasma frequency (wp_el ~ 107 s). When a steep
negative pulse is applied to a substrate electrons near the surface are driven away leaving
behind the ions which are uniformly scattered, hence, this region is called the ion matrix
sheath. On the time scale of the inverse ion plasma frequency (wp_il ~ 107% s) ions will be
accelerated in the plasma sheath eventually hitting the substrate surface. As a consequence
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of the ion movement, the sheath edge is driven further away, exposing new ions that are
extracted. Ultimately, the system evolves towards a steady-state Child law sheath [88] for
longer time scales. However, in PIII the sheath thickness exceeds the plasma size, thus, the
voltage drops to zero again before the steady-state is reached. Therefore, the matrix sheath
and its time evolution determine the current j(¢) and the energy distribution dN/dW of
implanted ions.

The further description of the sheath model continues along figure [2.15| and is presented
in greater detail in [87].

substrate substrate
/ /
i A i AN
I
Vo——<¢ matrix |, (ds plasma Voj' I |, ds
t sheath dt), I dt
_Voj Child'law sheath
0 S, X 0 S, s(t) X
(a) t=0 (b) t>>oapi’1

Figure 2.15: Planar PIII geometry just after formation of the matrix sheath (a) and evolving into a
quasistatic Child law sheath (b). Illustration after [87].

In figure (a) a planar substrate is immersed in a uniform plasma of density ny. A
voltage amplitude —Vj with pulse width ¢, is applied to the substrate at t = 0 and the plasma
electrons are driven away to form the matrix sheath, with the sheath edge at x = sy3. As time
evolves (as seen in figure (b)), ions are implanted and the sheath edge retreats leading
to the formation of a nonuniform, time-varying sheath near the target. The underlying
assumptions for the Lieberman model are as follows [87]:

1. The ion flow is collisionless, which is valid for sufficiently low gas pressures

2. The electron motion is more or less instant, which is true due to the characteristic
implantation time scales far exceeding wp_el

3. The applied voltage amplitude Vj is much greater than the electron temperature 7,
leading to the Debye length A\p < sy and an abrupt sheath edge at s

4. During and after matrix sheath implantation, a quasistatic Child law sheath forms
and the demanded current in this sheath is supplied by the uncovering of ions at the
moving sheath edge and by the drift of ions towards the target with Bohm velocity

_ 1/2
up = (qTe/ mz)

5. During the motion of an ion across the sheath, the electric field is frozen at its initial
value, independent of time, except for the change in field due to the velocity of the
moving sheath
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Some characteristic parameters can be obtained from the model calculations. The matrix
sheath thickness can be calculated using

s0= |2elo. (2.45)
qngo

Here, €, is the vacuum permittivity, Vy the applied voltage, ¢ the ion charge and ny the
density of the plasma surrounding the substrate. The characteristic ion velocity can be
determined following

2
L (2.46)
my

where m; denotes the ion mass. Since the ions are in motion, the equation of motion

d*z ) 2,
ol Wy (T — s0) — §u0wplt (2.47)
needs to be solved for a particle at position x. Here ug describes the characteristic ion
velocity. The solution results in an expression for the sheath thickness

2 2
so = (so — o) cosh wyt + 550 sinh wyt — §u0t. (2.48)

Using this equation, the ion flight time ¢ can be derived. In a time interval between ¢ and
t+dt, ions from the interval [zg, xo+ dxo] are implanted. Differentiating equation leads
to an expression for dz/dt and finally the implantation current density. It is described by
Jj = qno% which can be developed into a normalized current density for the ions in the

initial matrix sheath (0 < zy < s9) and be written as

sinT’ 21+ TsinhT — coshT

J = +
cosh’T 9 cosh? T

for T < 2.7, (2.49)

with the normalized time 7' = w,;t. However, a numerical approach of the model shows
that this equation solely gives an adequate description for 0 < 7" < 2.7, since at T' ~ 2.7 all
ions in the initial matrix sheath are implanted. Nonetheless, the maximum of the current
Jmaz == 0.55 occurs at Ty, = 0.95 which is way before J(T' = 2.7) =~ 0.19. An illustration
of equation [2.49| is shown in figure [2.16| as a solid blue line.

Since for longer pulses there is also a contribution of ions that are not residing in the
initial matrix sheath, the current density of those particles needs to be taken into account
which alters the original shape of J. For greater time scales the normalized current density
is no longer described by equation but rather follows

1
J = 222/52) + 3 for T > 3, (2.50)
which is represented in figure [2.16| as a solid red line for pulses longer than 7" > 3. The
energy distribution of the matrix ions can be described by

dN — ngso
aw 2‘/0_1/2

(Vo — W)~ H/2 for z¢ < s9, (2.51)
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Figure 2.16: Normalized implantation current density J = j/(gnouo) vs normalized time T = wp;t (see
also equation [2.49)). At T ~ 2.7 all ions in the initial matrix sheath are implanted. For longer time scales,
the ions that are not in the initial sheath have to be taken into account and are represented by the red line.

where W is the energy of the implanted ions and N the number of ions implanted. An
illustration of equation for an initial ion density of ng = 102 m™3, a voltage pulse of
Vo = 3 kV and single charged ions is shown in figure 2.17]

The distribution is quite similar to a J-function meaning that almost all ions in the initial
sheath are implanted with 3 keV. This is not only true for the ions in the matrix sheath,
since for a pulse width of 7" > 3 all ions from the interval sy < xy < xr are implanted at full
energy due to the fact that they are accelerated through the whole sheath length. Hence,

equation becomes

AN _ no(xr — 50)0(W — V) for sp <o < zp (2.52)
aw

and exhibits a d-peak. Finally, the sheath edge sr has reached its final position and at the
end of the pulse all ions with original positions of z7 < xy < sy are in transit when the
pulse is turned off. Deriving the energy distribution from the Child law sheath just before
turnoff leads to an energy distribution of

dN 2 (sp — z7)no

av =5 e T W)= for wp < wo < sp (2.53)
0

The total energy distribution is the sum of those three intervals and the total dose of im-
planted ions is ngsr.
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Figure 2.17: Energy distribution of ions in the original matrix sheath (blue line) for an initial ion density
of ng = 10" m™3, a pulse voltage of V; = 3 kV and single charged ions according to equation All ions
outside the initial matrix sheath within the interval so < xg < zp are implanted bearing the full energy of
the potential drop caused by the pulse voltage, hence a d-peak at 3 keV can be seen (red line). The rest of
the ions, originally residing in the interval x7 < x¢ < s7, implanted during the pulse are represented by a
yellow line exhibiting a similar shape to the initial matrix sheath ions.
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3 Plasma diagnostics

3.1 Calorimetric probing

Calorimetric probes such as an active thermal probe (ATP) or a passive thermal probe (PTP)
have proven themselves to be a versatile and robust tool for plasma characterization, espe-
cially in the detection of energy flux onto a surface during plasma processing. As mentioned
in section the energy flux is a crucial parameter when it comes to thin film processing.
The idea of calorimetric probes originated from the desire to measure the sun’s radiation
and other radiation sources [89]. Thornton was the one who transferred this method and
introduced it to the plasma community in 1978 |12|. Since then, it has been deployed in
various plasma environments [13-22]. The difficult requirements of the probe to be able to
adapt to different plasma environments lead to a variety of different probe designs. Gardon
introduced a probe design in 1935 which determines the energy flux from increased temper-
ature in the center of an exposed membrane [90]. Another technique uses the temperature
gradient over a partially exposed substrate [91,92] which has lead to a more refined version
which uses cooled PT100 element with an array of 1600 thermocouple junctions [17]. Some
of the different probe designs are illustrated in figure 3.1}
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Figure 3.1: (a) Radiometer after Gardon [90] (taken and modified), (b) a probe design using the gradient
method [91] (created after figure from citation) and (c) a thermopile sensor as used by Cormier et al. [17]
(created after figure from citation).

For this work a slightly redesigned version of Thornton’s original probe [12] was used
which utilizes a substrate dummy surface and a thermocouple attached to the back of it (see
section . The detection of the energy flux is based on the relation between the net-power
to the substrate and the temperature gradient while exposed to a plasma.

35
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3.2 Passive thermal probe (PTP)

In this section a detailed description of the passive thermal probe and its measurement
principle is given. The majority of the work presented in this thesis was taken out with a
PTP.

Measurement principle

The energy of a thermodynamic system is described by its enthalpy H which is a measure
for the total amount of energy stored in said system. In case of a substrate surface, the
change of the enthalpy H, is defined as the product of its heat capacity C and the time
derivative of its temperature dT/dt and can be written as

H, = Cs% = Py — Pyt . (3.1)

t

However, the temperature T of a surface area A, connected to a heat reservoir at a constant
temperature Ty, is dependent on the incoming power F;, and the outgoing power F,,:. The
sum of all processes caused by impinging particles, surface processes as well as radiation is
represented in P;, and all energy loss processes are summarized in P,,;. Assuming that no
additional process inside the substrate leads to a change of enthalpy, a change of it can only
be attributed to an interaction with its environment. Now, for better comparison between
different systems and probes it is common to normalize these powers with the area of the
substrate A resulting in the desired energy fluxes as introduced in section [2.2.1}

P;
_spout (3.2)
Jout = As

The negative sign in front of P,,; accounts for the fact that the resulting energy flux drains
energy from the system. If it is technically feasible to switch off the incoming power at one
point the change of enthalpy can be described with two equations where the power is turned
on (called heating term) and turned off (called cooling term):

Heating : Hh = CSTh = Py, — Pout

. : (3.3)
Cooling : H, =CT. = =P,

For short time frames one can assume that the energy flux leaving the substrate during the
heating and cooling phase at same temperatures is equal, therefore these two equations can
be combined to determine the incoming power using the temperature gradients as

P =0, (Th - T) . (3.4)

Hence, the measured energy flux is given by

Fucas = 52 (1, 1,) (3.5)
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3.2.1 Evaluation methods

In terms of determination of P, there are three different ways to do it and every method
has its upsides and downsides. In most cases the ’kink method’ is the element of choice but
in certain experimental conditions it may be better to choose one of the other evaluation
techniques (’dT method’ or ’equilibrium temperature method’), or in some cases a repeated
evaluation with a different method will open the door for additional information. This section
section gives a description of all three evaluation methods and an exemplary data set of an
electron beam experiment is evaluated with two of these methods.

Kink method

The ’kink method’ is probably the most applicable evaluation technique for a broad vari-
ety of plasma environments. It relies only on short time frames which reduces the overall
measurement times. However, the ’kink method’ requires high sample rates and a good
signal-to-noise ratio since the investigated time frames are in fact only a few seconds long.

As mentioned in section [3.2] the temperature curves are composed of two parts. A heating
phase, where the power source is turned on and a cooling phase with source off. The curves
follow an exponential shape if the conductive cooling of the probe is dominant. Therefore it
can be written as:

Py,
Ty heat(t) = Teq + {1 — exp (—Cgt)}
& S
temperature curve (3.6)

(0%
Ticoot(t) = Teq + (Lot — Tog) exp (_ c, t)

s

Here, « is a constant describing the efficiency of the conductive cooling process, Cs the heat
capacity of the probe and Ty, gives the probe temperature at the start of the cooling phase.
An image of a temperature curve for an electron beam with 1000 eV evaluated with the
’kink method’ can be seen in figure

The moment when the the source is turned on and the temperature starts to rise is
referred to as "heating kink’, whereas the point when the source is turned off again and the
temperature starts to decay is called ’cooling kink’. In the magnified area of the cooling
kink it can be seen that for short time frames (¢ < 5 s) the exponential course can be
approximated by a linear fit. This linear shape can be developed with the help of a Taylor
series and is given by

Py
Ts,heat (t)

C T+ Ty

o linear approximation (3.7)
— (T — Tst) t+ 1o,
C

Ts,cool (t) ==

s

With these equations the time derivative (1}, — T,) can be calculated for any given point
with the same temperature on the heating and cooling curve and no matter where the slope
is evaluated it should always yield the same value. An easy way to visually address this is
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Figure 3.2: Exemplary evaluation of a temperature curve recorded in an electron beam experiment evaluated
using the ’kink method’. (a) temperature curve as a function of measurement time. The highlighted areas in
red and blue around the kinks are the data points used for the linear fits. The determined energy fluxes are
Tk = 6.77 mW/em? and Jo, = 6.99 mW /cm? for the heating and cooling kink, respectively. (b) dT-curve
of the measurement presented in (a) with linear fits for the heating and cooling phase. The red and blue
arrows indicate the points used to build the difference in derivatives for the heating and cooling kink.

to build the time derivative of equation [3.6| which describes the so called dT-curve:

de ea
- s,heat — _gTs,heat + g(Teq + Pm>
dt Cs Cs
dT-curve (3.8)
de,cool - o T + « T
dt - Cs s,cool CS eq

These two equations describe a linear function which should be visible in a plot where the
time derivative of the temperature d7" is plotted versus the temperature itself. This is il-
lustrated in figure m Here, the two phases (heating and cooling) exhibit linear behavior
and are indeed parallel to each other. Hence, the value for (7}, — T,) is the same for any
given point along the temperature axis. However, it must be noted, that the electron beam
experiment is a rather simple environment since it only exhibits one type of particle. In
more complex plasmas the shape of the dT-curve can somewhat vary from this ideal shape.
Additional effects, like warming up effects that are influencing the energy flux due to e.g.
a more pronounced cooling or heat radiation term, can falsify the measurements and make
the assumption of equal P, for heating and cooling (see section less and less accu-
rate. Therefore, minimizing the time frame in which the evaluation is applied allows for
the assumption that the temperature of the substrate holder or the vacuum vessel remains
constant. This is where the ’kink method’ exhibits its greatest strength since it minimizes
the measurement time and only requires simple fitting to be applied. Additionally, for every
heating and cooling curve two energy flux values are obtained, allowing for a simple statis-
tical error calculation. However, an effective source switching is necessary due to the short
evaluation area around the kinks. If the source exhibit some kind of build-up process that
has not stabilized within a second or so, the use of a different evaluation method is advised.
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dT method

As mentioned in the previous section, the dT-method, also known as the exponential method,
determines the energy flux with the help of time derivatives from an exponential function
as written in equation [3.6] The coefficients of the exponential shape can either be obtained
directly by an exponential fit applied to the heating and cooling part of the temperature
curve or indirectly from the linear fits in the dT-curve. This can be seen in figure |3.3a)
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Figure 3.3: Exemplary evaluation of an electron beam experiment using the ’dT method’. (a) temperature
curve as a function of time with highlighted evaluation areas used for the exponential fit. The determined
energy flux is Jyeas = 7.6 mW/em?. (b) dT curve of the data set presented in (a) with linear fits for the
heating and cooling phase. The slope of the linear fits follows m = —a/C; and can be used to determine the
coefficients for the exponential fit applied in (a). The points used for the energy flux calculation was chosen
to be the middle of the highlighted fitting areas and is indicated by the black double arrow.

In contrast to the 'kink method’ the dT method does not require comparably high sample
rates since the evaluation time frame far exceeds the one used in the ’kink method’. There-
fore, there will be a sufficient amount of data points even with low measurement frequencies.
However, the long time frames also demand very stable measurement conditions, meaning
no additional significant temperature changes in the probe’s vicinity should occur during the
measurement apart from the changes created by the investigated source.

3.2.2 Equilibrium temperature method

As a third and last method this paragraph describes the ’equilibrium temperature method’.
The main idea is to heat up the probe until a saturated temperature, or a maximum tem-
perature T, is reached. This temperature can be calculated using equation 3.6/ For long
heating times (¢ — inf) the exponential term strives towards zero and T,,,, can be written

as

Pi
Tmaz = Teq +

(3.9)
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40 3.2 Passive thermal probe (PTP)

By substituting P, = J;, - A, into the equation above the energy flux due to P, can be
written as o

Jin = I (Tnaz — Teq) - (3.10)
The downside of this evaluation method is the long measurement time since not only has the
probe to be heated to the maximum temperature but also afterward cooled down to reach
the equilibrium temperature again. In addition, the conduction coefficient a needs to be
determined, which is a difficult thing to do and therefore creates bigger errors. However, the
probe design could be adjusted to this method. A smaller overall heat capacity (e.g. through
smaller wire diameter, smaller surface area and platelet thickness) and the integration of
an active cooling system may bring those time constants down allowing for a more viable

application together with utilization of the equilibrium temperature method.

3.2.3 Probe design

The setup of the PTP used for the majority of this work is illustrated in figure[3.4] It consists
of a substrate dummy which is realized as a 70 um thick copper platelet of 2 cm diameter.
Spot-welded to the back of the probe surface is a type K thermocouple and an additional
copper wire for biasing and current measurements. The whole setup is enclosed in a ceramic
housing (Macor©) to ensure only the energy flux originating from the upper half space is
reaching the surface. The high thermal conductivity of copper A. = 380 W/(mK) ensures
for a homogenous heat distribution throughout the whole probe surface and a fast transfer
to the back of the platelet where the thermocouple is located. The whole sensor head is
mounted on a 6 mm rod which is fed through a KF40 vacuum feedthrough which makes it
simple to attach to a variety of vacuum vessels and easily allows for angle and axial variation
measurements.

substrate dummy

ceramic shielding

e

thermo couple
(type K)

bias wire —— >

(a) (b)
Figure 3.4: (a) Schematic drawing of the PTP sensor head. It consists of a copper platelet with a diameter
of 2 cm and a thermocouple and additional copper wire spot-welded to the back of it. The whole setup is

enclosed in a ceramic housing. (b) photograph of one of the utilized probe heads. Note the dents on the
probe surface due to the spot-welding process.

The type K thermocouple exhibits small voltage differences due to the Seebeck effect
in the pV — mV regime (41 pV/K) requiring sophisticated electronics to measure these
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3.3 Recent developments in passive thermal probe diagnostics 41

small differences. The main components necessary to transfer the voltage difference at the
junction of the type K thermocouple to a temperature value displayed on the PC screen are
schematically presented in figure [3.5

Ni 1 1
e — s

AD595 : B e ] — B

LabVIEW"

NiCr

Figure 3.5: Schematic drawing of the main electronic components used for the conversion of the signal from
the thermocouple wires to temperature values displayed on a PC screen running LabVIEW©.

Outside the vacuum vessel a monolithic thermocouple amplifier with cold junction com-
pensation (AD595 [93]) processes the signal coming from the two thermocouple wires. Al-
though the thermocouple wires are connected to copper wires and only then connected to the
ADb595, which could generate additional temperature dependent voltages, the cold junction
compensation using a PT100 element for junction temperature measurements accounts for
these unwanted nuisances. Still, there is room for error in the absolute temperature values,
however, the PTP method only considers relative changes and is therefore free of these er-
rors. With the help of an additional amplifier the signal from the AD595 is fed to a National
Instruments multifunction I/O device’s (USB-6009) analog input. The measurement card
has a resolution of 14 bits and is able to record with 48 kHz at its analog input. Due to
the inertness of the copper platelet the temperature output is trimmed to 100 Hz. Higher
sample rates would not exhibit more information. However, the card is always operated
at its maximum sampling rate and every temperature value from the 100 Hz signal is an
average value of 480 values to minimize the noise in the temperature signal.

3.3 Recent developments in passive thermal probe
diagnostics

As part of this thesis, a revised version of the passive thermal probe was developed in close
collaboration with Sven Gauter, who is also a PhD student in the AG Plasmatechnologie
lead by Professor Kersten. Starting out with the probe design introduced in section [3.2.3]
which was used for the majority of this work, it is necessary to understand the underlying
principles. First off, the initial version of the PTP used in our working group was developed
in 2010 and was optimized to minimize changes of the temperature of the shielding. The
evaluation technique utilized in 2010 was the 'dT method” which was a consequence of low
acquisition speeds and any additional heating up effects would falsify the results (see section
3.2.1)). Therefore, Sven Gauter and I introduced a completely redesigned and improved
acquisition software to record the temperature values of the PTP which allows for much faster
and, more importantly, more precise measurements. The luxury of having a high amount
of independent data points within a short time frame allowed the transition from the ’dT
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42 3.3 Recent developments in passive thermal probe diagnostics

method’ to the 'kink method’. In the wake of a better understanding and new insights gained
from working with the original probe with the new software, many associated experiments
(e.g. the calibration chamber) and systematic measurement procedures were altered and
lead to the development of an improved version of the PTP.

3.3.1 Electron beam calibration

As mentioned in section [3.2] a precise determination of the heat capacity of the probe is
crucial for the accuracy of the probe results when using the ’kink method’ or 'dT method’.
One way to do that is to study the temperature derivative of the probe measuring the energy
flux created by a known power P;,. Using equation C, can be determined as

P,
=" (3.11)
T, — 1T,

s

Although the known power could be supplied by a variety of different sources (e.g. plasma
electrons [14,94] or laser light [95]) for obvious reasons it is recommended to keep the source
as simple as possible. For the calibration with an electron beam only voltage and current
measurements are needed and no determination of additional parameters is necessary.

Experimental setup

The passive thermal probes used for the work in this thesis were calibrated in an electron
beam experiment [93]. The experiment consists of a tube-like vacuum vessel with a diameter
of 12 cm and a tube length of about 53 cm. Additionally some ports for the two stage pump-
ing system and insertion of the tungsten wire and probe mounting are present. The chamber
is pumped to a pressure level below p < 10=* Pa. The fairly low pressure is necessary so
the mean free path of the electrons generated at the wire is greater than the vacuum vessel
dimensions (A zp(p < 107* P) > 66 m for Ny). Collisions between electrons and the back-
ground gas can lead to ionization processes and would create an electron energy distribution
rather than all electrons having the same energy which would falsify the estimated electron
energy used to determine Cy. A schematic overview of the calibration chamber can be seen
in figure [3.6|

The electron beam is generated through thermionic emission, described by Richardson’s
law, from a tungsten wire. The wire is heated by a current of I, =~ 1.3 A and a voltage of
Uy = 8 V. The wire is additionally biased with Uy, piqs = —70 V to prevent electrons from
accumulating in front of the wire. During the calibration process, for switching the power
source on and off a stepwise increased sequential bias to the PTP is used to attract the free
electrons. In order to record the heating phase the probe is biased with Uy =~ 700...1000 V'
and after a specific amount of heating time, the bias is set to zero again and the cooling curve
is recorded. After another time interval the probe has reached its equilibrium temperature it
had before the heating started and the next bias voltage is applied and so on. The relevant
voltage for calculation of the energy of the accelerated electrons can be obtained by taking
all the different voltages into account and sums up as

Uy Uy
Usee = (Us - Uw,bias + 7) + 7 . (312)
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Figure 3.6: Schematic drawing of the electron beam calibration experiment (CPCEX) used to determine
the PTP’s heat capacity. The electrons are emitted from a tungsten wire due to the Richardson effect and
are accelerated onto the sequentially biased probe.

It is in fact difficult to tell how the voltage U, progresses through the wire since between
its both ends a voltage difference of about 8 V is measured. This would also mean that not
all of the wire is at the same potential, which is why the term U, /2 is introduced. The
bias voltage of the probe U, and the current I, arriving at it are measured with digital
multimeters (Voltcraft VC820). It must be noted that the current measurement needs to
be performed ’after’ the voltage measurement since the current going through the resistor
of the voltage meter can be in the same order as the measured current and an inverse order
would result in false current readings. Using these values an electrical power at the probe
surface can be calculated using

P, = I, (Upe + Puy) - (3.13)

The electron work function ®,,; denotes the energy released when an electron recombines at
the surface (see section [2.2.3)).

Calibration process

In this paragraph the actual calibration process is described in more detail. Combining

equations [3.11] and [3.13] yields

gzcxn—ﬂ% (3.14)

which exhibits the relation between the electrical power and the difference in temperature
derivatives. To eliminate any systematic errors in P, the probe is sequentially biased with
increasing bias voltages. The typical bias voltages were ranging from 700 V to 1000 V
with a step width of 50 V. Equation [3.14] gives a simple linear relation, hence, a plot of P.
versus T}, — T, should result in a linear curve. A typical calibration run is shown in figure
. Figure shows the temperature curves for the different probe bias voltages and the
Correspondlng dT-curves and figure [3.7h| shows the resulting P, versus T}, — T as well as the
linear fit used to determine the heat capacity C.
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Figure 3.7: Examplary calibration run for bias voltages ranging from 700 V to 1000 V. The heat capacity
is obtained as the slope of the linear relation between P. and 1) — T, according to equation P, is
calculated with the help of the recorded voltage and current values.

At first it might be odd that the determination of the heat capacity, which has a big
influence on the calculated energy flux and must therefore be determined with great precision,
is identified using the ’dT method’ although it was argued in section that for most
systems the ’kink method’ yields the best results. However, it was also mentioned that the
’kink method’ relies on fast switching sources and the power source used to drive the bias on
the PTP exhibits fairly flat flanks meaning an instantaneous existence of the full P, is not
feasible. In addition, the multimeters used to record the voltage and current only sample
with 2 Hz rendering fast and accurate measurements impossible. For better statistics, every
probe is usually not exposed to a single but several calibration runs over a period of more
than 12 hours resulting in a minimum of 18 calibrations per probe. The values for the heat
capacity are then averaged and a simple statistical error is calculated.

3.3.2 Improved probe design

Continuous experiments have shown, that the probe design which was used for the majority
of this work lacked some much needed improvements. Especially the calibration process as
presented in section identified some weak points of the current design with its 2 cm
diameter copper platelet and the bulky ceramic housing. Due to electrons accumulating
on the ceramic surface, some kind of surface charge developed on the insulator. When the
copper platelet is biased during heating phase with up to 1000 V, the electrons residing on the
ceramic would somehow reach the platelet due to the strong attracting potential and account
for a higher current reading at the digital multimeter. This resulted in a higher calculated
electrical power which would falsify the evaluation and ultimately result in a higher heat
capacity. Another disadvantage of the ceramic probe design is the difficult transformation
of the probe from a 0° orientation to a 90° orientation, or vice versa. The whole probe head
has to be disassembled, reconfigured and re-assembled which could take up to half an hour.
This could not be done without changing the whole position of the sensor platelet inside
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the ceramic housing which often demanded a re-calibration of the probe. In addition, the
spatial resolution, which is limited by the relatively big diameter of the copper platelet, was
unnecessarily small. Hence, a new probe design was developed in close collaboration with
Sven Gauter.

The goal of the new probe design was to obliterate all these disadvantages and make
a rather robust diagnostic tool even more robust and ultimately allow for more precise
measurements. A CAD drawing of the updated design can be seen in figure [3.§|

copper platelet
shield (steel)
ceramic tube

type K + bias wire

base cylinder (steel)

sensor head
retainer screw

probe mount

Figure 3.8: CAD drawing of the improved PTP design with a stainless steel housing and a smaller, 11 mm
diameter copper platelet.

The platelet diameter was reduced to 11 mm and the copper wire diameter was also slightly
reduced to decrease the overall heat capacity of the PTP. The smaller platelet increases the
spatial resolution of the diagnostic tool. The ceramic housing was replaced by a steel cylinder
with a short ceramic tube inside to isolate the already sleeved wires from the conducting
housing.

The platelet is only retained by the stiffness of the wires which are fixed against the base
cylinder by a small screw. The whole upper sensor head area (platelet and wires) is protected
by a stainless steel shield that sits seamlessly on the base cylinder. The whole sensor head
is mounted on a substrate holder in either 0° or 90° configuration. Since the upper parts
of the probe are fixed due to the fixed wires, re-configuring the probe to either 0° or 90°
is an easy and fast process and does not demand re-calibration of the probe. Additionally,
the streamlined process of building the PTP after the new design produces probes that
exhibit heat capacities within a very small window, which allows for good estimation of
the actual heat capacity of the newly build probe, even before calibration, which was not
the case with the old design. Further, probes with an insulating coating on the copper
platelet may be calibrated using an additional calibrated probe measuring in parallel in an
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46 3.4 Electrostatic probing

Figure 3.9: The different probe heads of the newly developed PTP design. The copper platelet of the left
probe is carbon blackened, the middle probe exhibits an ordinary copper platelet and the right probe’s
platelet is coated with an Al layer.

ion beam experiment, since the acceleration voltage can not be applied to the insulating
platelet surface as is done in the electron beam calibration. An example of a carbon black,
a plain copper and an aluminum coated probe platelet is shown in figure |3.9

3.4 Electrostatic probing

In 1926 Mott-Smith and Langmuir published a study on voltage-current characteristics of
small additional electrodes, they called collectors, inserted into a plasma . This study
was the foundation of what would later become one of the most successful diagnostic tools
for characterization of plasmas, the Langmuir probe.

The principle of operation of these probes is to expose a metallic surface into the plasma
bulk and apply a linear voltage sweep while the resulting current onto the probe is recorded.
From the resulting I-V-curve fundamental information like the floating potential ®;, the
plasma potential ®,;, electron temperature 7, as well as the density n. can be extracted.
Further, using one of the underlying models presented in the electron energy distribu-
tion function (EEDF) can be estimated. A schematic overview of a simple Langmuir probe
experiment can be seen in figure

The I-V-curve can be divided into three main regions (see figure . First off, at the
start of the voltage sweep the probe is negatively biased. All electrons are therefore repelled
from the probe and accelerated into an opposing direction. This leads to the formation of
a positive space charge region in front of the probe requiring the ions to fulfill the Bohm
criterion v; > vp . At this point only positively charged ions can reach the probe and are
dominating the recorded current. This part of the I-V-curve is called ion saturation regime.
Ideally the ion current in this regime is constant although in many laboratory plasmas a
rather slightly linear decrease of the ion current with increasing positive voltage is seen. The
ion saturation current is described by

kgT,
I; st = nieAsvp = 0.61n; ge A, Be (3.15)
m

7

46



3.4 Electrostatic probing 47

I electrode :
probe — .
surface\ . =
1 I _— :
T I 1 _ B ]
Lo / !
s 1 I~ _plasma L |
1 plasma I sheath N i
7 ; : £
v Ug ! : o [ ion electron electron
1 = L . . .
] 1 o [saturation retardation saturation
1 1 r 7]
vacuum/l o ! B 7
vessel 1 electrode ! _
Semmmemmme ’ e V<O | L)< L) V>0,
q)ﬂ pl
T voltage
(a) (b)

Figure 3.10: (a) Schematic overview of a Langmuir probe measurement. Applying a voltage on a metallic
surface will create a plasma sheath around the probe which is indicated by the dashed line in front of it.
(b) I-V-characteristics of a cylindrical Langmuir measurement. The negatively biased region is dominated
by the ions (ion saturation regime). With increasing positive voltage more and more electrons are able to
reach the probe (electron retardation regime) ultimately ending in the electron dominated part of the curve
where only electrons (and negative ions) are measured (electron saturation regime).

Here, n; is the ion density, e the electron charge, A, the probe surface area, vg the Bohm
velocity, kp the Boltzmann constant, 7, the electron temperature and m; the ion mass.
The assumption is made that the ion density at the sheath edge has decayed to a value of
n; & Neo/+/exp compared to the electron density in the quasi neutral plasma bulk. The
factor 0.61 ~ exp(1/2) is given by the Bohm criterion stating the ions gained the energy
E = kgT,/2 in the presheath. Note that the ion current is displayed with a negative sign and
the electron current is deemed positive. With increasing positive voltage, energetic electrons
start to reach the probe increasing the current. The voltage point V(I = 0) is known as the
floating potential ® ;. It is the point where the electron and ion current are equal resulting
in a net current of zero. An insulated object that is immersed in the plasma will charge itself
up to the floating potential due to the electron and ion bombardment and is therefore called
'floating’. Further increasing the bias voltage will result in an ever growing electron current
until the bias voltage reaches the plasma potential ®,,. It is visible as the inflection point of
the current curve. The regime for V; > ®,, is called the electron saturation regime exhibiting
a constantly increasing electron current which is only limited by the probe’s geometry (see
figure . The electron saturation current is described by

1 8kpT,
Lot = = nedse mie , (3.16)

where m, denotes the electron mass. The overall current is the sum of ion and electron
current Iy = I; + I. = (j; + je)As and is written as

kgT, 2 —e(d, —
Li(V2) = nee Ay 52 ¢ <0.61 e _ exp <M)> (3.17)

TMe m; kgT,
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with the probe potential V,. For further information on Langmuir probe diagnostics it is
referred to typical textbooks such as at this point.

3.4.1 Probe design

In general there are three different types of Langmuir probes depending on their electrode
geometry. In many cases, the probe only consists of a thin tungsten wire (typical r, =
100pm) with an exposed wire tip with length L of a few millimeter. The wire runs through
a ceramic tube to shield the rest of the wire to make sure the current is only collected by
the wire tip with its well known surface area A,. This type of probe is called a cylindrical
probe and can be seen in figure
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Figure 3.11: (a) Different Langmuir probe geometries and their influence of the I-V-curve shape in the
electron saturation regime. (b) Photograph of a cylindrical Langmuir probe with a tungsten wire, ceramic
shielding and an additional pick-up electrode for RF compensation.

Instead of using a simple tungsten wire, some probe designs exhibit an electrode of spher-
ical shape. These probe designs are especially popular in space applications, e.g. Langmuir
probes attached to scientific rockets . A third option of electrode geometry is the pla-
nar probe. In its basic design it is similar to the cylindrical and spherical probe except it
exhibits a plane surface at the end. In some measurements presented in this thesis, the
sensor platelet of a passive thermal probe was used as a planar Langmuir probe due to a
voltage sweep applied to the bias wire. Utilizing one of the presented probe designs, more
sophisticated setups like Langmuir probe arrays or probes with additional RF compensation

(as shown in figure [3.11b]) have emerged and are widely used ,.
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In any case, a good approach to Langmuir probe measurements is to always restrict the
overall size of the probes since they can greatly effect the plasma itself and will therefore
measure an entire different plasma if the probe dimensions are considerably large compared
to the plasma dimensions.

3.4.2 Evaluation of Langmuir probe measurements

This section will give a brief introduction of how Langmuir curves are evaluated and the
developed software components are explained. First of all, requirements for a Langmuir
probe measurement process can vary greatly. There are plasma processes that are stable
over long periods of time and a Langmuir measurement is allowed to take minutes, in other
experiments fast changing processes are investigated longing for very fast acquisition speeds
or time-resolved solutions.

First of all, an I-V-curve is recorded using the LabVIEW® software developed in our
working group, which can be seen in figure where an exemplary data set of a DC
magnetron discharge of P = 30 W at a pressure of p = 2.00 Pa using a Mg target is
presented.

-+ data Q
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c || = ®=-2511V =
© 0.04 ® =-891V S
— pl —_
3 5
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: :
S ol 2
-40 -20 0
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Figure 3.12: Exemplary evaluation of a Langmuir I-V-curve taken from a DCMS experiment using a Mag-
netron target. (a) shows the typical I-V-curve with determined floating and plasma potential, respectively.
(b) Semi-logarithmic plot of the data set used to determine the electron temperature T, (through slope of
green line), electron saturation current I, sq; (red line) and an additional value for the plasma potential ®,,
(intersection of green and red line).

An additional offset file is measured with the electronics while the plasma is off to correct
the current from an offset due to the electronics. The offset current is then subtracted from
the original current values and the data set is plotted in the typical probe current versus
probe voltage manner (black data points). At the point where the current, coming from the
negative half space, is exceeding 0 the floating point is determined (®y = —25.11 V). In
a next step the ion current I; . is determined in the ion saturation regime using a linear
fit. The ion current is then subtracted from the current values. This can be seen in the
magnified area in figure where the data points have been smoothed, represented by
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50 3.4 Electrostatic probing

the red line and the ion corrected current is shown as a blue line, slightly running on top of
the original data points. The plasma potential ®,; = —8.91 V' is determined as the inflection
point of the data set. It can be determined using the second derivative as the point where
d*I/dV? exhibits a zero crossing. If the assumption is made, that the electron distribution
is of Maxwellian shape one can determine the electron temperature T, with the help of a
semi-logarithmic plot. Since the electron current is determined as

eV,
]e = ]e sa i ) 1
sat €XD </€BT6) (3.18)
logarithmizing this equation leads to
evs
In(I.) = In(1esat) + T (3.19)

Therefore, a semi-logarithmic plot should exhibit the slope S = eV;/(kgT.) in the electron
retardation regime. Using equation the electron temperature can be calculated by

(&

Figure shows the logarithmic current in(I) versus the probe voltage V;. The area used
for the linear fit to determine T, is highlighted in green. The electron saturation current
I, sat is determined by a linear fit of the plateau-like end of the curve (highlighted in red).
In addition to the determination of the plasma potential ®, through the inflection point
of the rising electron current, there is another method to determine the potential using the
semi-logarithmic plot. The voltage point where the linear fit of the exponential increase of
the current (7, fitting region)intersects with the linear fit of the electron saturation current
I, st does also yield the plasma potential. However, it must be noted that in many cases it
is hard to determine the exact region of the exponential rise of the current (linear region in
the semi-log plot), since there are often two different slopes detected. This can hint at two
different electron populations with different energies yielding two different T,. Finally, the
electron density can be calculated as

T, (3.20)

Ne = (3.21)

4Ie,sat 8kBTe 12
Age T, '

Recapitulating that all this information on characteristic plasma parameters can be obtained
from a fairly simple measurement by just changing the voltage and recording the resulting
current makes it easy to understand why this probe is so successful. However, as always, the
devil is in the details and Langmuir probe measurements is one of those easy-to-learn-hard-
to-master techniques since it can get quite complicated (e.g. RF compensation, dielectric
coating of the probe during reactive plasma probing, etc.) and the description of these
occurrences are beyond the scope of this work.

3.4.3 Recent developments in Langmuir probe diagnostics

With the evaluation technique presented in the previous section, which automatically deter-
mines the presented plasma parameters, it is also possible to transfer the method to evaluate

20



3.4 Electrostatic probing 51

cylindrical probes to other probe designs. This was realized during the course of this work
which came with one particular advantage: The substrate dummy of the PTP, which is
connected to a bias wire, can be used as a planar probe, therefore rendering the insertion of
an additional cylindrical Langmuir probe obsolete. This fact does not only save time when
performing complex measurements with a lot of parameter variations, it also minimizes the
errors in terms of probe construction where unwanted connections may occur resulting in a
time consuming search for errors.

Similar to the PTP acquisition it is important that the hard- and software to acquire
Langmuir data are well coordinated. In close collaboration with Sven Gauter an acquisition
software was developed in LabVIEW®© to take full advantage of the Langmuir electronics
and measurement card. As mentioned in the previous section, the requirements for Langmuir
measurements may vary greatly, however, a high resolution and fast acquisition speed for
recording I-V-curves are always desired. Since the current rises extremely fast once the
electrons start reaching the probe it is crucial to have enough data points, especially in
the exponential rise of the current, since it also greatly affects the semi-log plot and the
determination of 7,. The more data points are acquired during the steep rise the more
data points are available for the linear fit resulting in a more accurate determination of the
electron temperature.

In analogy to the PTP electronics, the measurement card made by National Instruments
is the heart of the Langmuir electronics used in our group. For this purpose, a model USB-
6211 Digital I/O measurement card was chosen, with a sampling rate of 250 kHz and a
resolution of 16 bits at the analog output. The LabV IEW®© based software is designed in a
way that it takes full advantage of the fast acquisition speed of the measurement card and
its good bit resolution. The power source system inside the Langmuir electronics is capable
of producing voltages between V,,;, = —150 V...150 V. This means the 16 bits are equally
divided between a voltage span of 300 V resulting in a minimal step width of AV = 4.6 mV'.
So whatever the desired start and end values for the voltage sweep are, the step width is
always set to the minimum to get as big as a voltage resolution as possible. Besides start
and end voltage, another user input required is the desired time span of one measurement.
To get as much data points as possible, the software dictates the card to always operate on
full speed, meaning it will take 250,000 data points per second.

As an example, if one wants to do a full voltage sweep from -150 V to +150 V, the software
will measure 65,536 data points which would take the card roughly 0.25 s. If the user decided
to do that sweep in one second, the card is able to measure four times at every bias voltage
point, resulting in 65,536 data points in the I-V-curve where every data point is an averaged
value of four separately recorded measurements. As long as the card can keep up with the
desired voltage span in the given time set by the user, it will use the averaging technique.
However, for very fast measurements, e.g. a desired measurement time of 25 ms, the card
would not be able to measure every of the 65,536 data points within the desired time. In
these cases the software adapts to the problem and raises the step width. In this particular
case, a ten times higher step width of AV = 46 mV is used by the software resulting in an
[-V-curve which exhibits 6,553 data points (one tenth of the original amount) in total with
no averaging at all.

In a nutshell, the software only requires three simple inputs (start voltage, end voltage
and measurement time) from the user and will configure the measurement card to obtain the
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52 3.5 Quartz crystal microbalance

maximum amount of data points (in most cases averaged ones) which minimizes errors and
provides high accuracy data sets for the evaluation resulting in more precisely determined
plasma parameters.

3.5 Quartz crystal microbalance

One of the key parameters for coating processes is the deposition rate. Usually described
in nanometer per minute (nm/min) it determines the rate of film growth on the substrate
during sputter processes. One way to measure the deposition rate includes the application of
so called quartz crystal microbalance (QQCM) devices, which utilizes a certain type of crystal
to monitor the growth rate. Quartz crystals belong to the family of piezoelectric crystals
where a mechanical deformation results in a voltage and vice versa. This property lead to
application of piezo-active crystals in precise motor controls, sensors and actuators as well as
frequency generating devices. If a crystal is operated with an alternating current (AC) it will
begin to oscillate. If the AC is tuned correctly and fed into the crystal through its electrodes,
it is possible to generate a standing shear wave. The frequency at which this is happening
is called the resonance frequency. However, this may happen for a variety of frequencies
determined by the bandwidth. For measurement purposes a very small bandwidth is desired
to create a high accuracy. The higher the ratio between frequency and bandwidth (called
Q-factor) of the crystal, the more stable it is enabling a high accuracy when determining the
resonance frequency of the crystal. Usually crystals with resonance frequencies of f =4 —6
MHz are utilized which leads to a resolution of 1 Hz. If the mass of the crystal is changed
due to film deposition, the resonance frequency will change to lower values. Utilizing the
Sauerbrey equation [101] the frequency change can be written as

28
A\/Pqﬂq

with the resonance frequency fj, the mass change Am, the crystal area A, the density of the
quartz p, and the shear modulus p,. This equation clearly showcases the relation between
the change in mass evoking a change in frequency.

For this work a 6 MHz crystal was used, connected to a commercially available 11150
measurement electronics by Intellemetrics Global Ltd. The crystal itself is a plano-convex
plate, approximately 14 mm in diameter and 3 mm thick, which is excited into thickness
shear mode vibrations by an external oscillator. A plano-convex shape of the crystal induces
most of the oscillations to occur in the central exposed region. This increases the sensitivity
of the crystal to deposited material. Sauerbrey’s original assumption that the effect of
depositing a quartz crystal with a film material is equivalent to depositing an equivalent
mass of quartz is arguable. Therefore, the IL150 uses a different approach of determining
the mass change. A more rigorous acoustic analysis of the loaded crystal as a one dimensional
composite resonator of quartz and the film material leads to

D, N.TZ 7 T
Ty = 299" 2 aretan [ 22 tan (3.14 (1 — 22 . 3.23
I~ D;314z, "M <Zf o < T (3:23)

Here, T} is the film thickness (in ¢cm), D, and Dy the density of the quartz crystal and film
(in g/cm?), respectively, N, the frequency constant for an AT’ cut quartz crystal oscillating

Af = Am (3.22)
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in thickness shear mode (in Hz/cm), T and T} the period of the loaded and unloaded crystal,
respectively. The acoustic impedance of the quartz and of the film material is described by
Zq and Zy, respectively. However, for crystals that do not exhibit a high load this equation
can be reduced to a rather simpler form

Ty = M(T -T,). (3.24)

Dy

which is adequate for a majority of applications. Nonetheless, it must be noted that many
parameters have to be chosen with great care. For the determination of the film thickness
the density of the deposited film has to be considered, which can vary greatly from that
of the density of a solid of that material and is in fact dependent on parameters such as
substrate temperature and other deposition conditions. A photograph of the utilized QCM
sensor head and an exemplary data set showing the deposition rate and thickness of Cu in
Ar is shown in figure [3.13
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Figure 3.13: (a) Photograph of the QCM sensor head after deposition with copper. The 14 mm diameter
crystal is mounted in the center of the probe and is shielded by a cap which exhibits a cone-shaped entry hole
to the crystal. The two cooling tubes can be seen on the top of the image. (b) Exemplary data set of Cu
sputtered in Ar using during DCMS at a pressure of 2 Pa. The data was obtained during a magnetron power
variation from 30 W up to 190 W and back again, hence the step-like shape of the deposition rate (black
curve). The thickness is shown as a red line. The value of the deposition rate is determined by averaging
over a fairly horizontal interval, highlighted here in blue and shown in detail in the zoomed in box for the
first value of 30 W (R = 23.9 nm/min).
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4 Experimental Results

The following results were obtained in various plasma experiments used for different implan-
tation and coating processes. In all cases the investigation of the resulting energy flux during
the process was of key interest. In magnetron sputtering systems the energy flux greatly
affects the stoichiometry and growth structure of the deposited films dictating the properties
of the final product. During the investigations in the PIII system, the energy flux was used
to determine the influence of secondary particles generated during the pulses.

The results are presented in form of published (or submitted) papers and are ordered by
their underlying plasma generation principle. Every publication is preceded by an ’about
page’ which summarizes the title of the publication, the names of the co-authors, the name
of the scientific journal it was (or is bound to be) published in, as well as the investigated
coating (implantation) technique and utilized probes and observation methods. Further, it
highlights the motivation for the presented investigation as well as the main results.

54



25

Publication |

Evidence of secondary electron emission during PIII pulses as measured by
calorimetric probe

Authors: F. Haase, D. Manova, S. Mandl, and H. Kersten
Journal: The European Physical Journal D
Technique: Plasma-immersion ion implantation (PIIT)

Utilized Probes: Passive thermal probe (PTP)

Own contribution: approx. 60%

Experimental Setup:

ECR plasma source gas supply

D _'|1[
!

distance | N l Vs
variation
—_
probe substratJ U
pumping ar.‘gt'.e
variation
system high voltage

©:|: pulse generator
D)

Motivation:

The goal of this investigation was to answer three questions: Is the passive thermal probe,
whose measurements typically take a few seconds, able to measure processes occurring during
PIII pulses which last around 15 ps? Is the differential measurement of a PTP able to detect
the energy flux originating from the pulsed substrate and can that energy flux be attributed
to secondary electrons by means of elimination?

Main results:

This work has shown the applicability of the passive thermal probe in a plasma-immersion
ion implantation experiment. Although the pulses are on the us time scale and PTP mea-
surements take a few seconds, good results were obtained over the time span of several pulses.
The resulting energy flux was observed to have a clear orientation, originating from the sub-
strate. Parameter as well as substrate material variations strengthened the assumption that
the resulting energy flux is mainly created by secondary electrons.
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Abstract. Secondary electrons are an ubiquitous nuisance during plasma immersion ion implantation (PIII)
necessitating excessive current supplies and shielding for X-rays generated by them. However, additional
effects — especially at low pulse voltages — can include interactions with the plasma and transient increases
in the plasma density. Here, it is shown that the transient thermal flux associated with secondary electrons
emitted from the pulsed substrate can be directly measured using a passive calorimetric probe mounted
near the chamber wall away from the pulsed substrate holder. A small increase of a directed energy flux
from the substrate towards the probe is consistently observed on top of the isotropic flux from the plasma
surrounding the probe, scaling with pulse frequency, pulse voltage, pulse length — as well as depending on
gas and substrate material. A strong correlation between voltage and substrate-probe distance is observed,
which should allow further investigation of low energy electrons with the plasma itself.

1 Introduction

Plasma immersion ion implantation is a fast and conve-
nient technique for ion implantation or energetic coating
processes into complex shaped 3D substrates or for large
area wafer doping [1,2]. However, a crucial drawback com-
pared to conventional beamline ion implantation is the
rather high emission rate of secondary electrons (SE) cre-
ated by the impinging primary ions. As the acceleration
of the ions towards the substrate and of the SEs from the
substrate is occurring within the plasma sheath in close
vicinity of the substrate, no suppression at their origin is
possible. Thus, the maximum voltage for PIII is limited
to 100 kV or less as these SEs will in turn create energetic
X-rays when they hit any chamber wall [3,4]. While con-
tainment inside the PIII chamber — similar to a balanced
magnetron configuration — has been tried [5], no effective
solution is available at present. At the same time, the sec-
ondary electron coefficient increases with the momentum
of the impinging ions and can reach values of 10 for pulse
voltages near 50 kV, thus leading to values for the energy
efficiencies down to 5% [6,7].

The mean free path of these SEs is energy dependent
and does increase for higher energies [8], similar to the
mean free path for the accelerated ions [9]. However, these
two quantities should not be confused while the range for
the electrons is in general larger than for the ions. Sev-
eral investigations have shown that the total emission of
secondary electrons is well behaved and can be described
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using a only few key parameters, i.e. ion energy, ion species
and substrate material [10,11]. Nevertheless, the standard
technique consists of measuring the total substrate current
and correcting for ion current and displacement current.

For low energy SEs in the range of 1-10 keV, a con-
siderable interaction with the plasma is expected, lead-
ing to a gradual increase of the plasma density during
the pulse, as measured with a Langmuir probe near the
plasma sheath [12]. In this study, the suitability of a calori-
metric probe inserted away from the substrate inside the
plasma for SE measurements is evaluated and the obtained
results are compared with theoretical predictions. While
such a calorimetric probe is generally suited for measur-
ing energy and particle fluxes inside a plasma or a con-
tinuous ion beam, the separation of a continuous plasma
background from short, repetitive pulses has not been at-
tempted previously.

2 Experimental

An Electron Cyclotron Resonance (ECR) plasma was ig-
nited using either nitrogen or argon gas at a pressure
of 0.5 Pa (N3 gas flow 150 sccm, purity 5.0; Ar gas flow
100 scem, purity 5.0) with a rather low electron temper-
ature of about 1.0-1.5 eV and corresponding low self-
bias. The plasma density near the substrate is about
6 x 10 cm ™3 [13]. As substrates, cylinders with a height of
50 mm and diameter of 50 mm, capped with a hemispher-
ical top made of stainless steel 304, aluminium and copper
respectively, were inserted into the centre of the vacuum
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Fig. 1. Calorimetric probe setup — The type K thermocouple
is spot welded to a substrate dummy (Cu) with a diameter of
20 mm and a thickness of 100 um. An additional copper wire
for probe biasing and current measurements is also spot welded
to the probe area which itself is shielded in a ceramic cylinder.

chamber. Thus, the substrates are surrounded by the ho-
mogenous plasma forming a plasma sheath. The negative
high voltage (HV) pulses were applied using a tetrode
switch with a rise time of 10 ns/kV. The total pulse length
was varied between 2.5 and 30 us with a voltage of 2-5 kV
and a pulse repetition rate of 1-5 kHz.

The energy flux measurements were obtained with a
calorimetric probe using a substrate dummy made of cop-
per (diameter 20 mm). The sensor area was shielded by
a ceramic Macor® block mounted at the backside of the
copper disc, which was spot welded to a thermocouple
(type-K) for temperature recording and an additional cop-
per wire for biasing and current measurements, although
all measurements presented here were performed with a
grounded probe. A schematic drawing of the probe is pre-
sented in Figure 1.

The energy influx was determined by evaluating the
time evolution according to the procedure described in
reference [14]. For every data point, a heating and a cool-
ing curve is recorded. The calculation of the energy flux
is based on the rate of change in the temperature of the
sensor area and follows:

: dTs

Hg =Cg g (1)
where Cg is the effective heat capacity of the calorimet-
ric probe and Hg the enthalpy of the substrate. The en-
ergy balance during the heating and the cooling phases
are given by HS,heat = ]Din - Pout(TS) and HS,cool =
—Pout(Ts), respectively. This leads to a total incoming
power (Py,) at the substrate area of:

dTS,heat _ dTS,cool

Pu=0Cs | 4 dt |- @)

The effective heat capacity of the calorimetric probe is a
key parameter for the correct determination of the mea-
sured energy influx at the probe surface. Since each com-
ponent of the probe (thermocouple, substrate dummy,
copper wire) has its own heat capacity, a calibration of
the probe is essential. The calibration is done in a sepa-
rate electron beam experiment which is described in detail
by Stahl et al. [15].
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Fig. 2. Schematic experimental setup with an ECR ion source
mounted on the top centre position for plasma generation. Sub-
strate holder is mounted in the centre of the chamber from the
bottom for applying HV pulses to the substrate. For most mea-
surements the calorimetric probe was in a top mounted posi-
tion 26 cm away from the substrate. The distance dependency
measurements were performed with a probe mounted on a load
lock system in line with the substrate.

As can be seen from Figure 1, the acceptance angle
is a hemisphere, albeit reduced by the effective probe
area when accepting non-normal incidence particles. Nev-
ertheless, by rotating the probe, a distinction between an
isotropic energy flux and a flux emanating from a point
source can be obtained. Initially, the response of the probe
to the plasma was recorded, waiting for a thermal equi-
librium to be obtained. After that, in-situ recording of
heating and cooling curves during and after PIII pulses,
respectively, was performed.

Two different measurement geometries have been em-
ployed (cf. Fig. 2) with one probe mounted at 90° to the
holder inserted from the top of the chamber to record ad-
ditionally the angular flux variation and another probe
mounted parallel to the holder at a variable distance from
the substrate. No significant differences have been ob-
served between the measurements of the probes. In the fol-
lowing, all results except for the distance variation are ob-
tained by the rotating probe (fixated to face the substrate
directly unless otherwise noted) at a distance of 26 cm
from the substrate surface (i.e. 28.5 cm from the centre of
the chamber).

Unfortunately, no experiments at a lower pressure
of 0.3 Pa were possible as the reduced plasma density lead
to a penetration of the microwave and the wires acting as
an antenna with stray heating leading to unreliable read-
outs of the probe. For pressures lower than 0.3 Pa, no
stable operation of the ECR plasma source is possible.
Ignition of the plasma had to be performed near 2 Pa. At
higher pressures, the transport of the plasma from the res-
onance region at the top of the vacuum chamber towards
the substrate is restricted, leading to much lower plasma
densities near the substrate in addition to collisions in the
plasma sheath, leading to a deviation from the monoen-
ergetic ion energy distribution, i.e. the secondary electron
emission coefficient becomes apparently pressure depen-
dent. As the combination of PIII and ECR plasma source
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Fig. 3. Time averaged measurements of the additional en-
ergy during HV pulses before and after correcting for offset by
plasma background.

allows only a small range of accessible pressures [16],
changing the mean free path in this way is ineffective.

3 Results

Figure 3 presents data for nitrogen gas and Al sub-
strate (at a fixed distance of 26 c¢m) when varying the
pulse frequency from 0 to 5 kHz for a fixed 15 us pulse
length and 5 kV pulse amplitude. The downward trian-
gles present the total measured energy power density by
the probe and the upward triangles the PIII data when
corrected for the plasma background of 43 mW /cm?. Fit-
ting these datapoints yields an additional flux density at
the calorimetric probe of 53 mW /(cm? kHz). Hence, the
time-averaged energy flux during the pulses exceeds the
background plasma even at a pulse frequency of 1 kHz.
Nevertheless, a direct comparison is futile as the inter-
action of these fast electrons with the plasma is rather
weak and the energy flux is normally deposited only on
the chamber walls (far) away from the plasma. In the fol-
lowing figures, the background flux is already deducted
from the measured data, i.e. the values present only the
additional energy flux during the HV pulses.

To ascertain that the additional energy flux is actually
caused by the secondary electrons emitted from the sub-
strate (neutral secondary particles or negative secondary
ions are either less energetic or less numerous), Figure 4
shows the orientation dependent excess energy flux, i.e.
corrected for the background, for nitrogen gas and steel
substrate. As can be clearly seen, the measured flux is
arriving directly from the direction of the substrate with
the angular dependence following a cosine function. Thus,
any energy flux arriving not directly from the substrate
is rather weak (5 mW/cm? or less) and could be well
within variations of the local plasma environment. The
plasma is generated at the top of the chamber above the
substrate and is diffusing out from there, creating local
density gradients which will translate into a variation of

58

Page 3 of 6
125-""I""I""I""I""I""_
N, steel €  Angle between
[ 15 1S, 5KV, 3 kHz probe and direction ]
< 100 [ distance 26 cm ® toward Pl substrate
e 3 ~——— Cosine Curve
L2 [ ]
= | 23 .
é 75 | E
> L
= [
b L
o 50 E
o) L
- L
] L
8 s
o c ]
N T, ST AR
-180 -120 -60 0 60 120 180

Angle (degree)

Fig. 4. Power density during the HV pulses as function of an-
gle for probe rotation. 0° implies the probe facing directly the
substrate. The directed energy flux originating from the sub-
strate was measured in a nitrogen discharge using a stainless
steel substrate with 15 us pulses at 5 kV and 3 kHz.
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Fig. 5. Power density during the HV pulses as function of
pulse voltage and frequency; the dashed lines are meant as
guides for the eye only. The data was recorded in a nitrogen
discharge using a copper substrate applying 15 us pulses.

directional, local energy flux from the plasma. Rotating
the probe without HV leads to a similar variation of the
baseline intensity by 5-10%.

As a next step, the variation of the pulse voltage
for different pulse frequencies (nitrogen, Cu substrate)
was performed, with the results presented in Figure 5.
A faster increase than linear is observed for the increasing
pulse voltage, especially for the highest voltage of 5 kV.
To establish that this is not due to a substrate or gas effect,
the data for four different gas-substrate combinations are
shown in Figure 6 with the identical effect being observed
except for Al, where a slight decrease is present at 5 kV
instead of a further increase of the already exceptionally
high energy flux (corresponding to about nine times the
baseline of the plasma).
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Fig. 6. Power density for different gases and substrate mate-
rials; as a guide for the eye, straight lines representing a linear
dependency are indicated. The measurements were performed
with 15 us pulses at 5 kHz.
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Fig. 7. Power density as function of pulse length; please note
that the guideline which would implicate a linear behaviour
does not start at the origin. The data were recorded in a ni-
trogen discharge using an Al substrate with 3 kHz pulses.

Remaining with the Al substrate, the pulse length vari-
ation leads to another dependency of the total, time av-
eraged energy flux due to secondary electrons from the
substrate: an already high value for short pulses of 2.5 us
with a slower increase to values about two times higher
for 30 ps pulses is depicted in Figure 7. Finalising the pre-
sentation of the experimental results, Figure 8 shows the
influence of the distance of the calorimetric probe from
the substrate on the measured energy flux. While the flux
is decreasing rapidly with distance d this effect is more
pronounced for lower voltages than for higher ones. Thus,
the values for 2 kV pulses are nearly zero already at a
distance of 30 cm.
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Fig. 8. Power density on the probe as function of distance
and pulse voltage. The energy flux decreases with increasing
distance. The measurements were performed in a nitrogen dis-
charge using 15 us pulse length and a frequency of 3 kHz.

4 Discussion

While only selected data sets have been shown here, the
general tendencies and quantitative behaviour as a func-
tion of the investigated parameters (gas, substrate mate-
rial, pulse voltage, pulse length, pulse frequency, distance)
are unequivocal. In the following section, these dependen-
cies are now discussed in detail. For comparison, a theoret-
ical calculation using the simple Lieberman model without
presheath dynamics is employed [17,18] with the sheath
expansion, current evolution and integrated ion flux for a
spherical geometry and 1 or 5 kV pulses plotted in Fig-
ure 9. A fast expansion followed by a new equilibrium
is obtained for 1 kV with a wider sheath width becom-
ing stationary at a later time for 5 kV. The current and
time integrated ion fluence mirror exactly this behaviour
with the initial supersonic expansion and following steady
state.

The orientation dependence (Fig. 4) clearly points to-
wards the substrate as the origin of the additional energy
flux registered by the calorimetric probe with energetic
SEs as the only viable candidate, given that energetic neu-
tral atoms or negative ions are unlikely due to the rather
low sputter yield, ionisation probability and very low ini-
tial kinetic energy [19]. Cu is known to exhibit a higher
sputter yield than either steel or Al while Ar should be
more efficient for sputtering heavy metals than the lighter
nitrogen ions [20]. When comparing the qualitative de-
pendency of the energy flux on the substrate material,
the correlation with data from Szapiro and Rocca [6] is
excellent with Al showing a much higher SE emission at
identical ion energies than either steel or Cu. The weak gas
dependency when changing Ar by Ny is also known from
literature. The energy dependence is more complex as ad-
ditional factors arising from the sheath expansion have
to be included with this discussion elaborated on further
below.
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Fig. 9. Calculated (a) plasma sheath width, (b) ion current
density and (c) integrated ion flux for nitrogen plasma and
1 or 5 kV pulses in cylindrical geometry.

The incident ion current towards the substrate is de-
termined by the plasma sheath expansion during the high
voltage pulses. The rise time of 10 ns/kV is sufficiently fast
to allow a computation of the sheath expansion according
to the Lieberman model [17] assuming square pulses (the
finite fall time is not relevant as fast neutralisation of the
substrate leads to a reduction of the sheath potential to
values near the floating potential very rapidly [12]). The
calculation for the sheath expansion was performed using
a 2D model with the calorimetric probe located in the
same geometric plane as the cylindrical part of the sub-
strate, thus necessitating an additional geometric factor
in the calculation [21] compared to the purely 1D Lieber-
man model. The 1D calculation could be sufficient for 1 kV
pulse voltage, 5 kV certainly require a 2D model [22].

As a result, the supersonic sheath expansion is slowing
considerably and reaching a stationary state again during
the first 10 us — or even earlier for lower pulse voltages. On
a long timescale, one Child-Langmuir sheath is replaced
by a second one with a larger bias [23]. As a consequence,
the ion flux per unit time for the stationary sheath is con-
stant, being supplied only from the presheath and hence
the integrated ion flux increases linearly with pulse length
in this regime. This corresponds to the secondary emission
reverting to a linear increase with the pulse time again,
resulting — however — in a finite offset corresponding to
the ion flux during the actual sheath expansion (cf. Fig. 9
and dashed line in Fig. 7 for 5 kV).

Similarly, the time averaged measurements of the sec-
ondary electron emission is directly linear with the pulse
frequency without any offset, as seen in the experimental
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results (Fig. 3). Likewise, the 5 kV data in Figure 7 show
a stronger increase with pulse length than the 3 kV data
as the sheath for 5 kV is larger than for 3 kV. A combina-
tion of larger sheath width with increasing pulse voltage
and increasing SE coefficient with ion energy should be
responsible with detailed calculations still necessary.

However, the 5 kV, 5 kHz data point for Al in Figure 6
does not follow this straightforward explanation. It has
been observed previously that for high repetition rates a
plasma depletion is occurring as the ion current to the sub-
strate has to be provided by additional plasma generation
in the whole plasma volume with diffusive transport to
the near substrate region [24]. However, more detailed in-
vestigations are necessary to identify the specific involved
mechanisms.

A more nuanced situation is encountered when looking
at the distance dependence shown in Figure 8. A sim-
ple explanation would assume an isotropic distribution
of secondary electrons (at least in the plane of the sub-
strate and probe), thus, a decrease proportional to the
inverse distance d should be expected, assuming a real
3D-geometry would lead to a 1/d? relation. However, in
contrast to the sheath edge expansion where the ions are
originating, the SEs are always starting at the substrate
surface with the acceleration being highest in the vicinity
of the substrate. The sheath edge will lead only to minor
focusing or defocusing effects as the electric field is smaller
at the sheath edge and the velocity is already high. The
effects leading to a more homogeneous implantation for
larger plasma sheath extensions observed in PIII simula-
tions are thus not applicable for the emission of SEs from
the substrate.

At the same time, inelastic collisions with the back-
ground gas will lead to a decrease in the SE flux with
increasing distance, starting for lower pulse voltages, i.e.
kinetic energy, as the interaction cross sections are smaller
for lower ion energies [8]. However, a local increase in the
plasma density due to the energy loss will automatically
be registered by the calorimetric probe. Here, additional
work is necessary — and is in progress — for a clear delin-
eation of the mean free path, energy loss and interaction
of SE with the original plasma, albeit beyond the scope
of the manuscript. A tentative fit to the data should thus
include a geometric factor and an energy dependent expo-
nential decay d~(3%9) x e=a(E),

5 Conclusions

Using a calorimetric probe, a clear, orientation dependent
energy influx emanating from the PIII substrate was ob-
served. These measurements correlate directly with gas,
substrate material, pulse length, pulse frequency and pulse
voltage, exhibiting excellent qualitative agreement with
standard PIII sheath expansion theory. Thus, an unequiv-
ocal identification with secondary electrons is proposed.
Moreover, tentatively observed effects include an inter-
action of the SEs with the plasma for an increasing plasma
density to be dominant at low voltages and high repeti-
tion rates with higher cross sections and more secondary
electrons, especially for the Al substrate. At high pulse
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frequencies and voltages a plasma depletion not caused
by the SEs could be observable.

Unfortunately, current measurements by the calori-
metric probe have not been successful up to now. At
the same time the temporal resolution of the calorimet-
ric probe cannot be reduced enough to allow the observa-
tion of the SE flux during single pulses as the integrated
heating-cooling-curve is analysed. A reduced acceptance
angle could be envisaged for a more direct observation and
ascribing of the energy flux to the substrate where high
energy ions are impinging. Absolute quantification of the
thermal flux is in progress. As a summary, it is easily pos-
sible to employ such a probe successfully for diagnostics
during PIIT treatments without interfering with the ion
implantation process.

This work was supported by Deutsche Forschungsgemeinschaft
(Project MA 2054/17-1 and KE 574/4-1).
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Motivation:

The main topic of this investigation was to monitor surface changes of different substrates
by investigating the resulting energy flux during the high voltage pulses. Seven different
substrate materials (Al, Mg, AlMg, Ti, Mo, Zn and AZ91) were oxidized in a furnace and
then sputtered with argon gas. Later, the metallic surfaces were exposed to high voltage
pulses using nitrogen as process gas. Intermittent short measurements with the PTP should
be able to determine changes in the surface composition and changing secondary electron
coefficient.

Main results:

This publication has shown the possibility of detecting time dependent changes in the surface
composition of substrates during sputtering processes using argon and a nitrogen plasma by
means of the PTP. The 'poisened’ and metallic states of the substrates have been observed
as well as the evolution of the transition between them. Following a simple model, time
dependent secondary electron coefficients were calculated for all seven investigated materials
and normalized to be able to compare the trends with other works. Especially Al, Mg and
AlMg exhibited strong changes in the SEE depending on the surface composition.
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Abstract

A passive thermal probe has been used to detect dynamic changes in the secondary electron emission
(SEE). Oxidized and nitrided materials have been studied during argon ion sputtering in a plasma
immersion ion implantation process. Identical measurements have been performed for the metallic
state with high voltage pulses accelerating nitrogen ions towards the surface, supposedly forming a
nitride layer. Energy flux data were combined with scanning electron microscopy images of the
surface to obtain information about the actual surface composition as well as trends and changes
during the process. Within the measurements, a direct comparison of the SEE within both employed
ion species (argon and nitrogen) is possible while an absolute quantification is still open.
Additionally, the nominal composition of the investigated oxide and nitride layers does not always
correspond to stoichiometric compounds. Nevertheless, the oxides showed a remarkably higher SEE
compared to the pure metals, while an indistinct behavior was observed for the nitrides: some higher,
some lower than the clean metal surfaces. For the aluminum alloy AIMg3 a complex time dependent
evolution was observed with consecutive oxidation/sputtering cycles leading to a very rough surface
with a diminished oxide layer, leading to an almost black surface of the metal and non-reproducible
changes in the SEE. The presented method is a versatile technique for measuring dynamic changes of
the surface for materials commonly used in PVD processes with a time resolution of about 1 min, e.g.
magnetron sputtering or HiPIMS, where changes in the target or electrode composition are occurring
but cannot be measured directly.

Keywords: PIII, plasma-immersion ion implantation, calorimetric probe, passive thermal probe,
plasma diagnostics, secondary electron emission

1. Introduction

Secondary electron emission (SEE) from surfaces upon
energetic ion impingement is an important and crucial factor
in low pressure plasma discharges [1-3]. They are accelerated
and gain high kinetic energy when transiting through the
plasma sheath, leading to either impact ionization by inelastic

3 Author to whom any correspondence should be addressed.

0963-0252/18,/044003+11$33.00
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collisions with atoms or ions, or alternatively heating of the
less energetic electrons by elastic collisions. Furthermore,
changes in the chemical composition or topography of the
electrodes can lead to a modified SEE coefficient, e.g. as
encountered during the ageing of plasma TV screens. Another
nuisance is occurring when surfaces at ground potential,
isolators or feedthroughs are bombarded by energetic elec-
trons or ions, which are not accounted for in the plasma
discharge model. Thus, a temporal potential variation coupled

© 2018 IOP Publishing Ltd



Plasma Sources Sci. Technol. 27 (2018) 044003

F Haase et al

with a varying incident current on such surface will lead to
additional secondary electrons—whose current density is
changing and thus can influence the plasma process. In any
case, glow-like discharges as used in reactive magnetron
sputtering and high-power impulse magnetron sputtering
(HiPIMS) applications depend on the SEE.

Measuring the SEE directly in a plasma discharge is very
indirect as the only indication of change is hidden in the dis-
charge voltage and current and one has to be sure which surfaces
are modified or charged in the plasma. Target poisoning, due to
dielectric layers forming on the target surface during a plasma
process, or plasma impedance variations could mask or imply a
change in the SEE. Using directed ion beams may work for
conductive materials [4, 5] but will lead to surface charging for
insulators aggravated by the SEE. Adjustment and control of the
surface potential can either be performed by electron bombard-
ment using a flood gun or, otherwise, using a plasma discharge.
An alternative method for measuring the SEE include modeling
of I~V measurements [6, 7].

Plasma immersion ion implantation (PIII) is a versatile
technique to modify surface properties of materials and to form
new compounds, without the limitations of conventional
implantation. It enables altering the surface near layers of a
component due to homogenous implantation of ions. This is
accomplished by applying negative high voltage (HV) pulses
to the component during the process, which leads to formation
of a sheath around it, drawing ions onto the component. Using
PIII [8] with a separate plasma source and a low electron
temperature, almost no surface sputtering or electron emission
is occurring for a grounded substrate potential. However,
during the highly negative voltage pulse at the substrate for ion
implantation, these effects surely occur. Thus, the SEE is
directly coupled to the energetic ions during the pulses. At
sufficiently low pressures and fast pulse rise times, a mono-
energetic bombardment can be realized, albeit presenting a
mixture of atomic and molecular ion species for molecular gas
precursors such as N, or O, [9]. Since the emitted electrons are
accelerated in the plasma sheath due to the potential drop
caused by the pulse voltage, the higher energy allows for a
more efficient detection, e.g. using electron inducted scintilla-
tion [10] compared to the initial energy distribution at the
surface. Concurrently emitted negative ions are only a small
fraction of the sputtered material and should impose an error of
less than 0.1% on the results. While it has been established that
the static SEE can be measured in such an experiment using a
passive thermal probe (PTP) [11], the open question is whether
a dynamic recording of the changes induced by the impinging
ions, which could lead to a time dependent SEE, is possible.
This study tries to answer this question using either Ar bom-
bardment of oxidized metallic substrates or nitrogen bom-
bardment of metallic surfaces while measuring the energy flux
correlated with the secondary electrons using a passive
calorimetric probe for determining the related energy flux.

During the last decades, a variety of probes have been
developed to gain a better understanding of plasma-based sys-
tems. In terms of plasma characteristics, Langmuir probes have
proven to be the workhorse of electrostatic probing [12, 13].

gas supply
ECR plasma source 1
X 'L
SR
—_— n
probe
substrat (PTP)
pumping
system high voltage

pulse generator

C= &

Figure 1. Schematic drawing of the discharge chamber and the
utilized probe. The ECR ion source is mounted on the top center
position for plasma generation, the substrate holder is placed
underneath it and connected to a HV pulse generator. The PTP is top
mounted at a radial distance of 26 cm to the substrate.

However, when it comes to plasma-wall interactions present in a
variety of plasma process applications, such as film deposition,
etching and surface modification, calorimetric probes are
essential for a fundamental understanding of energy transfer to
the substrate. In these processes, thermal effects are playing a
dominant role in terms of adsorption, desorption, diffusion as
well as chemical reactions [14-17]. Furthermore, the energy
transfer during thin-film coating processes is crucial to the
structure and morphology of the deposited film.

A calorimetric probe, such as a PTP, was already intro-
duced by Thornton in 1978 [18] and has since that time been
successfully used in a variety of plasma environments [11,
19-23]. The simple and robust design of the probe enables a
flexible integration into existing experiments. The design can
effortlessly be upscaled or downscaled and allows for spatially
resolved measurements. The area of application ranges from
investigations in rf-systems [24, 25], simple DC magnetron
sputtering [11, 26, 27] and more advanced pulsed sputtering
techniques like HIPIMS [21, 28, 29] or PIII [30, 31].

The energy transfer between plasma species and the solid
is a complex mechanism and the experimental study due to
heat transfer requires suitable measurement techniques. In
low pressure (non-equilibrium) plasma applications the ther-
mal conditions at the substrate surface are characterized by a
detailed energy balance, which considers the different source
and loss mechanisms [32, 33].

2. Experimental setup

The experiments were performed in a vacuum chamber (165 1)
with a two stage pumping system for a base pressure of
10~ mbar. A schematic drawing is shown in figure 1. The
plasma was generated by an ECR ion source at a pressure of
0.5Pa (N, gas flow 150sccm or Ar gas flow 100 sccm,
respectively). For lower pressures, no stable plasma discharge
could be obtained, while increasing the pressure by a factor of
10 or more resulted in the beginning of a pulsed DC discharge
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Figure 2. Schematic drawing of a passive thermal probe (PTP).
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Figure 3. Evaluation of a temperature curve for an oxidized AlZ91
substrate in the sputtering phase using Ar ions after 1 min of

sputtering. The pressure is 0.6 Pa and a 3 kV pulse with a frequency
of 5kHz and 15 us pulse width is applied to the substrate. A single
data set consists of three phases (two phases with the source being
switched off and a phase in between with the energy source is turned
on) which yields two measurement values for the energy flux.

originating at the substrate during the negative HV pulses. The
plasma density near the substrate was measured in an earlier
investigation to be 6 x 10°cm > with a rather low electron
temperature of about 1.0-1.5 eV [34]. The substrates used had
a cylindrical shape with a height 4 of 25 mm and a radius R of
25 mm mounted at the center of the discharge chamber.

Thus, the substrates were surrounded by the homogenous
plasma glow forming a plasma sheath. The negative HV pulses
were applied using a tetrode switch with a rise time of
10nskV~". By opening this switch, a capacitor is discharged.
The pulse length was kept constant at 15 us with a voltage of
3kV and a pulse repetition rate of 5kHz for the present
experiments. Between the pulses, the capacitor was recharged by
a capacitor charging power supply whose time-averaged current
has been recorded during experiments. This primary current is
directly proportional to the pulse frequency and integrated cur-
rent during the pulses supplied by the HV pulse generator.

For energy flux measurements caused by the emitted
secondary electrons during the HV pulses a PTP was top
mounted at a distance of 26 cm to the substrate and facing the
substrate. The center of the probe is facing the center of the
height of the substrate.
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A detailed description of this probe and the evaluation of
the measurement is presented here as the understanding of the
effects is important for discussing the results shown in
section 3.

The probe employed in the experiments consists of a
sensor plate (substrate or probe dummy) made out of copper
with a diameter of 2 cm and a thickness of 100 ym. Attached
to the back of it is a type K thermocouple and an additional
copper wire for biasing and current readings [35]. The sensor
plate is placed into a ceramic or metallic shielding to make
sure, that only contributions hitting the sensor area from the
top are measured. A schematic drawing is shown in figure 2.

The basic idea of the PTP is the ability to observe and
calculate the change in the enthalpy H. The energy flux can
be determined due to the relation between the time derivative
of the enthalpy H and the time derivative of the temperature 7
during the heating 7}, (energy source on, i.e. HV pulses on)
and the cooling T, (energy source off, i.e. HV pulses off)
phases at the substrate dummy which yields:

Heating: Hy = CpT}, = Pin — Pouchs ey

Cooling: Hy = CyTe = — Py ()
Here, C, is the heat capacity of the probe, P, gives the
energy flux from the source, By, and R, . compensate for
the energy losses of the probe during heating and cooling
respectively. Assuming that the energy flux leaving the
dummy during the heating phase equals the energy flux
leaving the probe during cooling at the same temperatures,
equations for heating and cooling can be combined to cal-

culate the energy flux Ji,:
PR ) 3)

Ay Ap

Here, A, stands for the probe area. For the assumption
Puin(Th) = Ruc(T2) for equal temperatures 7, = T, to be
valid, any heat flux originating from secondary heat sources
has to be constant for the monitored time period. As the ECR
plasma source is operating at the same power and interactions
of the emitted secondary electrons are nearly negligible, the
heat flux from the plasma is provided as a constant back-
ground. This background has been measured by plasma on/
plasma off measurements [31] and is of no interest for the
current investigations on the influence of the HV pulses.
Nevertheless, a short measurement time is useful to avoid any
potential drift, e.g. encountered by a slow heating of the
chamber walls. However, a time resolution in the micro-
second range commensurable with single HV pulses is not
feasible. Hence, the measured temperature increase of the
probe and the determined energy flux is a result of many HV
pulses occurring during tens of seconds. To obtain the
changes in a relatively short time frame the temperature
around the kinks that occur during transition from HV off to
HV on (heating kink) and HV on to HV off (cooling kink) are
evaluated. This method is graphically demonstrated in
figure 3. Additionally, the figure shows the determination of
the temperature derivative by linear fits, which yields a
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Figure 4. Schematic drawing of the current model that connects the PTP and current readings with the SE yield.

sufficiently good approximation of the exponential slope of
the probe temperature for short time intervals.

With the knowledge of the energy flux and additional
current readings from the HV pulse generator, these values
can be combined to make a simple estimation for the sec-
ondary electron coefficient. Although it is very difficult to
estimate the absolute secondary electron yield and compare it
with studies from others (since it seems to be very dependent
on the surface properties and discharge parameters), a simple
model shall be presented here.

Assuming the measured current at the substrate during
the negative HV pulse is the sum of the secondary electron
current and the ion current fpyp = Isg + fion and Isg = Ygg fion,
the secondary electron current can be written as

BE
Isg = Ipm(l + —)
YSE

with the secondary electron coefficient . Since the energy
flux measured with the PTP primarily results from secondary
electrons (as argued in earlier works [31]), the energy flux can
be written as

Farea Ise Upmnt

J =
Fe 27Rh

Here, Feo = 1/(1 + Ap /As) is a geometry factor to
compensate for the fact that the target is of cylindrical shape,
where only the part that leaves the side is assumed to reach
the probe. Ay, denotes the surface area of the top and bottom
of the cylinder and Aj is the area of the cylinder side. R is the
distance between substrate and the PTP (R = 26 cm), & the
height of the cylindrical substrate, and Ig the secondary
electron current. Combining the current and PTP readings we

can calculate the secondary electron yield ~g as:

-1
YSE = Tem -1
. .

SE
It must be noted that this is a rather simple model and
will probably overestimate the secondary electron yield,
however, it is a valid basis for discussion. A schematic
overview of the presented model can be seen in figure 4.

-1
1l = Fiea Ipmn Upmnt
27Rh JPTP

3. Results

3.1. Sputtering of oxide layer

The existence of secondary electrons in PIII as measured by
the PTP has been introduced in [31]. It is well known that the
secondary electron yield ~gg is highly dependent on the
substrate material and its surface properties [36-38]. Before
showing the recent results, an overview of the existing lit-
erature is given.

Depla et al [36] performed a detailed determination of the
secondary electron yield for seventeen different metals with
an oxide or nitride layer monitoring the discharge voltage of a
magnetron sputtering system. Especially in the case of Mg
and Al the SEE was much higher with an oxidized or nitrided
surface compared to the sole metal surface, whereas for most
other metals like Ti, Cu and Mo the SEE was lower compared
to the pure metal. While the discharge characteristics have
been used to derive the electron emission, another set of
recent experiments employed an electrical SE collector.
Corbella et al [4, 37, 38] investigated the SEE of Al and Ti
foils using a secondary electron collector for an ion source
which posed as a magnetron sputtering source. They were
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Figure 5. Energy flux as measured by PTP for secondary electrons
originating on stainless steel as function of surface temperature.

able to detect an increase of - of up to one magnitude for
A1203.

How does the PIII setup with a PTP compare to these
experiments? The typical PIII experiment with ion energies in
the kV range and pulse repetition rates of a few kHz leads to
gradual heating of the substrate and integrated ion fluences of
10'7-10"® cm ™2 during one experiment. Consequently, the
influence of the substrate temperature and the substrate
roughness has been investigated. The commercial laser pro-
filer system pScan was used to determine the surface
roughness. The laser is driven at a NIR wavelength of
780 nm. The surface characteristic was measured at a scan
field size of 200 um x 200 pum spatial resolution. Based on
the obtained data the isotropic power spectral density was
calculated by the commercial SPIP software.

As shown in figure 5 for Ar bombardment of stainless
steel, no influence of the substrate temperature on the mea-
sured energy flux is observed. On the other hand, surface
roughening of a Cu substrate could lead to a slightly higher
energy flux (see figure 6) due to a more efficient SEE, how-
ever, the difference is still within the error bar.

Returning to the dynamic measurement, different sub-
strate materials (Al, Mg, AIMg, Ti, Mo, Zn, AlZ91, steel and
Cu) were oxidized in a thermal furnace at a temperature of
400 °C for 4 h before the measurements. For each measure-
ment with the PTP, 3kV pulses with a frequency of 5kHz
and a length of 15 us were applied to the substrate for a short
time of about five seconds and then turned off again for about
15s. After the measurement was done, the HV pulses were
turned on again for a certain time (ranging from 1 to 5 min) to
allow a continuation of the sputtering process with Ar ions.
During the sputtering period, no measurements with the PTP
were conducted. After each sputtering phase the PTP mea-
surements were repeated.

Typical results for the primary current through the pulse
generator used to apply the PIII voltage pulses to the sub-
strate, the measured energy flux due to the secondary elec-
trons and the substrate temperature are shown in figure 7 for
the magnesium alloy AZ91. The primary current and the
energy flux show a nearly constant plateau after an initial
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phase, followed by a nearly instantaneous drop after 45 min.
The original surface could be characterized by a mixture of
hydrocarbons and hydroxides, which recede after sputtering
(of about 15 min) to reveal the thermal oxide layer, which is
removed with time. It has to be noted that the energy flux is
indicative of a small substrate area facing the PTP while the
primary current is integrating across the substrate and
includes primary ions, secondary electrons and displacement
currents due to the moving sheath edge. The transition from
oxide to metal at about # = 45 min is completed within
60-90s.

An exemplary result for commercially pure Mg can be
seen in figure 8 where the oxide layer is removed between 10
and 15 min. The observed transition period is limited by the
sampling rate. The actual transition from sputtering the oxide
to sputtering the metal could be faster. The oxidized substrate
yields power densities of around 90 mW cm > for the first
10 min of sputtering and produces a steep drop in the energy
flux to a steady level of about 10 mW cm 2. The steep drop is
due to transitioning from an oxidized surface to a metallic
surface when sputtered with Ar ions. This behavior is fairly
present for all investigated materials and is emphasized
especially for AZ91 and Mg. The change in the energy flux
during sputtering is shown in figure 9 for all investigated
materials.

3.2. Formation of nitride layer

As an additional investigation, the substrates investigated in
section 3.1 were exposed to a nitrogen atmosphere to form a
nitride layer on the substrate surface using the same pulse
parameters. The pulsing was periodically interrupted for short
measurements with the PTP and then continued. Figure 10
illustrates the change in the energy flux during the nitriding.

Again, Mg and AZ91 have the highest yields when
bombarded with nitrogen ions, which was the same case in
the investigations during sputtering with argon. When com-
paring the power densities, the change in primary ion current
density as well as the molecular/atomic ratio should be
considered in addition to the exchange of the precursor gas.
For the plasma composition, about 90% N3 ions and 10% N
ions are present. Molecular ions accelerated to 3 keV separate
into 1.5keV nitrogen atoms immediately upon impinging
onto the surface. Thus, the measured SEE for nitrogen is a
mixture of the values at 3 and 1.5 keV with the lower energy
ions clearly dominating.

When using the magnesium substrate the measured
energy flux from the emitted secondary electrons starts from
roughly 25mW cm 2, staying fairly constant for about
25 min after which it starts to rise to a value of about
63mW cm 2 for the nitride. Anyhow, for most materials
there is but a slight change in the energy flux measured by the
PTP and primary current of the HV pulse generator over the
investigated time span. Al, AIMg, Ti, Mo and Zn all exhibit a
slight decrease in the energy flux when exposed to a nitrogen
atmosphere.
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Figure 7. Temporal evolution of primary current, energy flux and
sample temperature for oxidized alloy AZ91 during sputtering with
Ar ions in a 3kV, 5kHz, 15 us PIII pulse. At roughly 52 min the
measurement was done, no further experiments were performed and
the substrate was cooling off without any PIII or background plasma.

4. Discussion

The presented data is excellent for a comparison within each
gas species between different materials whereas comparison
for argon and nitrogen is more qualitatively at the present
state. However, extreme care has to be taken upon identifying
the surface condition as oxidized, metallic and nitrided. While
the metallic condition after sufficient Ar sputtering should
correspond to an uncontaminated metallic surface, the nitride
formed after nitrogen implantation is more questionable.
However, nitrogen ion implantation will lead to an equili-
brium nitrogen content—especially when reactive nitrogen is
available as radicals or ions between the HV pulses—where at
least the immediate surface will consist of a continuous
nitrogen containing layer, albeit with an a priori unknown
surface concentration. Comparison with low energy nitrogen

100 I ‘
T
& 80 [ 1
IS
L2 I
% 60 I 1
x !
'; 40 t+ oxidized | metallic 1
>
S I
w 20 | 1
| = [ | m
O I I I I I I T
0 5 10 15 20 25 30

time (minutes)

Figure 8. Exemplary results of the change in the energy flux for
oxidized Mg during sputtering with Ar ions in a 3 kV, 5 kHz, 15 us
PIII pulse.

ion implantation experiments from the literature will help for
absolute calibration of the SEE coefficients.

One main feature that needs to be investigated is the
characterization of the oxidized surface obtained in the ther-
mal furnace, since it could have a great effect on SEE.
Figure 11 shows some interesting effects of the oxidized
surface. While the commercially pure Mg shows a reasonable
oxide layer with a fast decay towards the metal, the Cu sur-
face is immediately sputtered from oxide to metal. Further-
more, the aluminum alloy AIMg3 shows a non-reproducible
behavior for the SEE. These two points will be discussed now
in detail.

For copper, the difference between the oxidic and the
metallic state is rather small and concurrent scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy
investigations (as shown in figure 12) explain why this dif-
ference is so small and less than expected from the literature.
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The oxide at the beginning is consisting of uniformly sized,
small crystallites scattered across the surface. With increasing
sputter time, they are removed and a surface roughening due
to the ion bombardment is observed. Indeed, the black oxide
layer formed in the furnace exhibits a very week adhesion so
that upon handling the substrate, the oxide layer is flaking off.

For the alloy AlMg3, a completely different effect is
observed. The SEM images in figure 13 start after a 3rd
oxidation (reoxidizing the surface after the 2nd sputter
experiment used to obtain the data shown in figure 11),
showing an inhomogeneous, non-continuous oxide layer
which explains the reduced SEE compared to the 1st oxida-
tion (using pristine, polished material as obtained from the
supplier before any ion bombardment). While the oxide layer
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Figure 11. Comparison of time evolution for different Ar sputtering
experiments.

with a varying thickness is subsequently removed, the surface
is progressively roughening and developing a chemical seg-
regation. This sputtering and oxidation procedure is creating
some kind of feedback loop, thus, leading to the formation of
a completely black metallic surface without any oxygen
contamination at the end (excluding the native oxide formed
spontaneously when venting the vacuum chamber at room
temperature).

Perfect SEE measurements can be performed on such
surfaces, with the oxidic and metallic states as the beginning
and the end of the experiment. However, the reproducibility
and comparability of such experiments appears to be far from
ideal. Nevertheless, the surface state of targets in magnetron
sputtering or HiPIMS experiments should experience a
similar, convoluted history so that the assumption of SEE
coefficients identical to those of virgin materials directly
procured from a supplier should be equally questionable. A
critical and comprehensive characterization of any surface
where SEE coefficients are published should be included in
such work.

Using the simple model introduced in the end of
section 2, simplified time dependent secondary electron yields
for the investigated materials have been calculated and can be
seen in figure 14. It has to be noted that the influence of the
displacement current is ignored and a perfect, directed emis-
sion of the secondary electrons normal to the surface is
assumed. Both effects change the following values in oppo-
site directions so that the presented values are only maximum
estimates.

Taking a look at figure 14, a striking feature is obvious
for materials with high ~¢: especially for AZ91 and Mg, a
steep decrease from high to low g is visible, indicating a
rapid removal of the oxide layer within a few minutes of
sputtering. This effect is also visible for Al, albeit not
observed for AIMg3. First, this indicates an extremely sharp
interface between the oxide and the metal. Second, only here
a clear distinction between oxide and metal is possible. For
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Figure 13. Surface topography of alloy AIMg3 changing with sputter time.
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smoother and more gradual transitions, the corresponding
(partial) changes in the surface composition may lead to
subliminal errors.

For better comparison, the calculated SEE yields have
been normalized to their metallic values following

_ Yox,nit —

Arynorm =
“Ymet

where ~ . is the calculated value at the start of the sputtering
phase, where the substrate is in its most oxidized state or at the
end of the nitriding phase, respectively. The value for the
metallic state of the substrate is given by ~, .. The normalized
yields for the several materials are plotted in figure 15.

For all oxidized substrates, there is an increase in 7y for
all materials present, whereas after the treatment with nitro-
gen, only Mg shows an increase in vgg. All other materials
emit fewer secondary electrons when implanted with nitrogen
compared to their pure metal state. This contradicts with the
findings of Depla er al [36], where they saw an increase for Al
in both cases but a decrease for Ti for an oxidized and nitrided

L= 4)
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substrate. However, the work of Corbella et al [37] supports
the results presented here, since they also see an increase of
g for both Al and Ti in the case of an oxidized substrate
surface.

However, it should be noted that comparison with other
experiments performed by other groups is rather difficult due
to the varying experimental setups and different operating
regimes (e.g. pulse voltage). At the same time, a clear defi-
nition of the ‘metallic’ and ‘oxidic’ state has to be provided.

Before ending the discussion, some aspects of the
ongoing quantification of energy flux into a value of sec-
ondary electrons per impinging ions will be mentioned. The
transit of the high energy secondary electrons through the
plasma towards the PTP is nearly collisionless as the initial
acceleration to the 3keV used in the present experiments
occurs in the plasma sheath with a width of less than 1 cm. At
the same time, the collision cross sections decrease con-
siderably with increasing ion energy, however still depending
on the gas species. The incident ion flux composition is well
known and established from flux measurements including
retained fluence, sputter yield and thermal balance of the
substrate while the ion species composition for molecular
gases is accessible from direct plasma measurements, e.g.
employing a plasma monitor, without HV pulses. Using the
current to the substrate for the short pulses with a fast rise
time is actually not permissible as the value of the displace-
ment current, needed for correction, is not accessible.

In a first approximation, the incident energy flux should
scale inversely with the ratio of the probe distance to the
center of the vacuum chamber and the radius of the substrate
assuming a geometric relation for the flux of secondary
electrons. However, here a pure perpendicular emission of the
secondary electrons has been assumed, which does not cor-
respond to the physical reality [39, 40]. On the other hand, a
drastically changing angular emission distribution during the
experiments is highly unlikely. Thus, only a correction factor
—still to be determined—is necessary to account for the off-
normal emission of some secondary electrons and the finite
size of the PTP.
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5. Conclusions

Using a calorimetric probe in a PIII system, it is possible to
detect time dependent changes in the surface composition of
the substrates during sputtering processes using argon and
nitrogen plasma. The metallic and ‘poisoned’ states of the
substrates have been observed as well as the evolution of the
transition between them for seven different materials. Care
has to be taken to identify the correct surface state corresp-
onding to the actual measured secondary electron yield con-
cerning chemistry and topography. Absolute quantification of
the relative values is still in progress.

The advantages of the present method is (i) direct access
to dynamic changes induced by the impinging ions or the
plasma, (ii) no surface charging for insulating materials, (iii)
no artefacts from other materials near the substrate, (iv) a fast
measurement time with a time resolution of 1 min or even
less, and (v) a large accessible energy range from 0.1 to
20keV. Disadvantages of eventual loss of secondary elec-
trons in the plasma, a mixture of molecular and atomic ions or
the reduced acceptance angle are minor. Thus, the evaluated
experimental setup is ideally suited for fundamental SEE
measurements of materials prone to target poisoning or
imprinting the history of target evolution. While relative
measurements are immediately possible, the absolute quan-
tification is still in progress.
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Motivation:

This publication aimed towards a comparison of reactive sputtering of titanium between
common direct current magnetron sputtering (DCMS) and high-power impulse magnetron
sputtering (HiPIMS). The goal was to investigate the energy flux in the different target
surface states (metallic, transition, poisoned) dependent on the reactive gas admixture (Os)
using either DCMS or HiPIMS, respectively.

Main results:

The results show a generally higher energy flux for HiPIMS. In pure Ar, the energy flux
was about 1.48 times higher for HIPIMS than for DCMS, but this ratio gradually decreased
with increasing oxygen gas flow to about 1.26 in the poisoned mode. A large reduction of
deposition rate was observed for both DCMS and HiPIMS (factor 10 vs 14) when transiting
from the metal to the poisoned mode. However, this was not accompanied by a significant
change in the energy flux for DCMS but a slight decrease for HIPIMS (<20%) was visible.
This effect was attributed to the increasing effective electron temperature.
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Abstract. Two reactive sputtering techniques have been studied: direct current magnetron sputtering
(DCMS) and high-power impulse magnetron sputtering (HiPIMS), operated in various Ar/O2 gas mixtures
using a Ti target. The processes were characterized during different modes of operation including pure
argon, metallic, transition and compound mode. Energy flux data as well as data on electron density and
temperature were combined to obtain knowledge about the trends and changes in the investigated internal
process plasma properties for the different modes investigated. Although there is a large reduction of the
mass deposition rate (a factor 10 in DCMS and a factor 14 in HiPIMS), when transiting from the metal
to compound mode, we detect no significant decrease of the total energy flux in DCMS and only a minor
decrease in HiPIMS (<20%). Such a result is surprising considering that the neutral flux contribution to the
total energy flux is known to be significant. Instead, we find that the reduction of the neutral component is
compensated by an increase in the electron and ion flux components, which is experimentally detected as
an increase of the effective electron temperature and a slightly increasing (DCMS) or essentially constant
(HiPIMS) electron density with increasing oxygen flow rate.

1 Introduction

Deposition of thin films by physical vapor deposition
(PVD) techniques, such as magnetron sputtering, is today
employed for a wide range of applications within many
industrial sectors. Direct current magnetron sputtering
(DCMS) is a common method, although various ionized
physical vapor deposition (IPVD) methods [1], such as
high-power impulse magnetron sputtering (HiPIMS) [2,3],
have shown great promise, due to the possibility to ionize
a substantial fraction of the sputtered material. An ion-
ized deposition flux can, unlike neutrals, be accelerated
by applying a substrate bias, which has opened up new
ways to engineer thin films with improved properties [3].
In general, these techniques allow the deposition of met-
als, alloys, ceramic, and polymer thin films onto various
substrate materials. A large fraction of these coatings are
compound films consisting of at least one metal (e.g. Al
Ti) or a non-metal (e.g. C, B) and a reactive gas (e.g. Oq,
Ns). The deposition of these thin films by reactive mag-
netron sputtering is an intensively studied field during the
last three decades [4].
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However, the addition of a reactive gas raises the ques-
tion of changes in the plasma chemistry and the internal
plasma parameters. For example, variations in density
and energy of the electron, ion, and neutral populations
affect the energetic material flux to the substrate, which
in turn determine elementary processes like adsorption,
diffusion and chemical reactions, as well as microstruc-
ture and stoichiometry during film growth [5,6]. It is well
known that the momentum per incoming particle and the
particle flux can greatly affect the intracolumnar as well
as intercolumnar porosity of thin films [7].

So far, few reports devoted to experimentally investi-
gating the internal process plasma parameters in reactive
magnetron sputtering exist [8-11], although it is known
that there are significant changes in the secondary elec-
tron emission yield [12], the sputter yields [13], ion flux
composition [8], and electron density n. and temperature
T. [10] when sputtering from a clean and poisoned (com-
pound) target, respectively. In particular, there are, to our
knowledge, no systematic studies on the energy flux for
the different modes of operation: metallic, transition, and
compound mode in reactive HIPIMS, although such inves-
tigations have been carried out in the non-reactive case
for DCMS [14,15] as well as for HIPIMS [15,16]. Experi-
mental investigations of the energy flux in reactive DCMS
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have been carried out by Thomann et al. [17] sputtering
Al in Ar/Os. They focused on coupling the energy flux
with the properties of the deposited film. However, plasma
properties, such as electron density and temperature, were
not investigated. In addition, Bornholdt et al. [18,19] have
characterized the energy flux in radio-frequency (rf) mag-
netron discharges operated in Ar/Ny and Ar/O2 reactive
gas mixtures. Those discharges were, strictly speaking, not
pure reactive magnetron sputtering discharges, since com-
pound targets (h-BN and ZnO targets, respectively) were
used.

Due to the strong interest in energetic bombardment
of the growing film, we have therefore studied the pro-
cess plasma during HiPIMS deposition of TiO, using a
Ti target in various Ar/Os mixtures, which is a promis-
ing method to deposit crystalline TiOz thin films [20,21].
For comparison, we also carried out the same type of
characterization in DCMS under equivalent deposition
conditions. The processes were characterized in pure argon
as well as metallic, transition and compound modes.
Energy flux, measured by a passive thermal probe (PTP),
deposition rate, measured by a quartz crystal microbal-
ance (QCM), as well as electron density and temperature,
measured by a Langmuir probe, were combined to obtain
knowledge about the trends and changes in the investi-
gated internal process plasma properties for the different
reactive modes investigated.

2 Experimental setup

2.1 Deposition system

A standard planar circular magnetron with a target
diameter of 0.05m (2in.), equipped with a Ti (99.9%)
target mounted in a cylindrical vacuum chamber (height
0.50 m, diameter 0.45 m) was used in the present work, see
Figure 1. The chamber was pumped by a two stage pump-
ing system (turbo-molecular pump and membrane pump)
to a residual pressure <2 x 1076 Torr (2.7 x 10~* Pa), after
which the working gas (Ar (N5)) was let into the cham-
ber at a constant mass flow rate of 7.80 sccm. The argon
pressure was set to 7.5mTorr (1.0 Pa). Oxygen (99.995%
purity) was fed into the chamber at various mass flow
rates through the same gas inlet as for the Ar. The oxygen
flow rate was varied in the range 0.0-2.0 sccm. The mag-
netron was either operated in DCMS mode or in HiPIMS
mode. In both cases, a constant discharge power of 50 W
(2.5 W /cm?, calculated using the entire target area) was
applied to the sputter target. The DC discharge was gen-
erated by an MDX 500 power supply (Advanced Energy,
USA), and the discharge current and voltage characteris-
tics of the magnetron were recorded on the unit’s display.
The voltage and current values varied depending on Oq
flow rate. At Osccm O the recorded DC voltage and cur-
rent were 390 V and 0.130 A, respectively. With increasing
O, flow rate, the voltage gradually increased to about
470-480V and the current gradually decreased to 0.107 A
at 2.0sccm Os.

For the HiPIMS mode, the DC power supply was con-
nected to a HIPSTER 1 HiPIMS pulser (Ionautics AB,
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Fig. 1. Schematic of the cylindrical deposition chamber used
in the experiments, displaying the cathode mounted in the lid
of the chamber (top) and the calorimetric probe head placed
below at a typical distance of d = 0.04m from the target sur-
face. HV denotes the computer-controlled high voltage power
supply (DCMS or HiPIMS). PE denotes the probe electronics,
which was also computer controlled. Note that the different
objects are not drawn to scale.
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Sweden). In this case, 35us square voltage pulses were
applied to the cathode at a pulse frequency of 500 Hz. Typ-
ical discharge voltage and current waveforms are shown in
Figure 2. Operating in pure Ar gas resulted in peak cur-
rents of about 7 A, which correspond to a peak current
density over the target of 0.35A/cm?. Operating in an
Ar/O9 mixture increased the peak current to about 13 A
for 2.0scem O, which correspond to a peak current den-
sity of 0.65A/cm?. We note that the HiPIMS discharge
current becomes distinctly triangular with increasing Oo
flow, which has also been reported in other works [22] and
is discussed in more detail elsewhere [23].

2.2 Plasma probes

The passive thermal probe (PTP), or sometimes referred
to as a calorimetric probe [24,25], consists of a sensor plate
(Cu) with a diameter of 2cm and a type K thermocouple,
which is spot welded to the back of a 100 yum thick sensor
plate. An additional copper wire, which is also spot welded
to the back of the sensor plate, allows for biasing and
current measurements. The entire device is shielded by a
ceramic housing (Macor) to make sure we solely detect
the energy influx that is reaching the front of the sensor
plate. A schematic view is presented in Figure 3. Detailed
information on the probe design is given by Stahl et al.
[25]. A description on the PTP data evaluation is provided
by Gauter et al. [26]. The probe was mounted on a rod at a
distance of 4 cm below the center of the target surface. For
every parameter set we recorded a heating (plasma on)
and cooling curve (plasma off) to determine the energy
flux onto the probe.

For detailed investigations of the contributions of the
different species present in the plasma, time-averaged
Langmuir probe measurements were performed at the
same location. A cylindrical probe consisting of a tung-
sten wire (100 um in diameter) surrounded by a ceramic
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Fig. 2. Experimental (a) discharge voltage and (b) current characteristics recorded at 1.0 Pa Ar pressure for 0.0 and 2.0 sccm
O» gas flows, using 35 us long HIPIMS discharge pulses at 500 Hz. The average power was kept constant at 50 W.
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Fig. 3. Schematic of the thermal probe used in the experi-
ments.

tube with an exposed wire area (probe tip) of about
9.4 x 107" m? was used to record the I-V characteristics
of the plasma. The electron temperature 7, was obtained
from a semi-logarithmic plot of the probe current versus
the probe bias using

In <Ie) _ eVprobe
IeO kBTe ’

where I, is the measured electron current and I,y the
electron saturation current [27]. Using the electron tem-
perature and the ion saturation current the plasma density
n. was calculated. For our measurements, we assumed a
Maxwellian electron energy distribution, which has been
shown to be valid for low pressure DCMS processes around
1Pa [28], and also verified in one of our previous works
[29]. In the HiPIMS case, the Langmuir probe curves
were recorded in the same manner as in DCMS, i.e. time-
averaged data acquisition. It means that each data point
on the probe characteristics constitute an average over
typically a few hundred HiPIMS discharge pulses. The
time-average values were required in order to compare
with the time-averaged output from the PTP.

In order to study the deposition rate versus Os flow rate,
a quartz crystal microbalance (QCM) system (Intellemet-
rics Global Ltd, UK) was installed at the same distance
to the target as the PTP. The mass flow rate converted to
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mass deposition rate was recorded when stepwise increas-
ing the Oy flow rate from 0.0 to 2.0 sccm and successively
decreasing again to 0.0 sccm. The deposition rate was also
used to calculate the energy flux contributions of neutrals
to the surface as well as film condensation that dissipates
energy on the substrate using

_ pTio, =

J’ﬂ Ekin and Jcond =

mrio, mrio,
respectively. Here ptio, is the mass density and mrio,
the mass of the film forming species, which depend on the
oxygen flow rate (mode of operation). R is the deposition
rate, Ewn the averaged kinetic energy of the sputtered
neutrals (obtained from SRIM calculations) hitting the
probe, and FEying the binding energy.

3 Results and discussion

3.1 Hysteresis study

It is well known that for low Oy flow rates, in the metal
mode, the reactive TiO, deposition process is character-
ized by a high mass deposition rate and low Oy partial
pressure resulting in a substoichiometric composition of
the deposited coating [30]. With increasing Oo flow rate,
a transition from the high rate metal mode to the poi-
soned (compound) mode, with substantially lower mass
deposition rate, occurs. In the poisoned mode, the target
surface is covered by a compound layer (target poison-
ing), and it remains in the poisoned state until the oxygen
flow is sufficiently reduced. This transition, from metal
mode to compound mode for the two different magnetron
discharges, was studied using the QCM, and the mass
deposition rates are shown in Figure 4. The recorded depo-
sition rate versus Oo flow rate values also allow us to
identify the different modes of operation, which are indi-
cated by vertical lines in the same figure. The required
O, flow rates for these modes have also been summa-
rized in Table 1. From hereon we use the name of the



Page 4 of 7

D
£

5F n —=—incr O, flow | 1
g z/? \“ {Hdecro2 flow
v4 L “
o 7| |
s ‘\
§s
Z I
S \ \
o2 | |
gl | \
9] | \
@1r | |
1S “‘m—a B\L,; =
0 .
0 0.5 1 1.5 2

O2 flow (sccm)

Eur. Phys. J. D (2017) 71: 245

—
o
-~

o
T

—=—incr O2 flow

—s—decr O2 flow

n w >

mass deposition rate (a.u.)
T B

O2 flow (sccm)

Fig. 4. Deposition rate as a function of Oz gas flow for (a) DCMS discharges and (b) HiPIMS discharges operated at an average
power of 50 W. Vertical lines indicate the chosen process points of interest for the metal, transition, and poisoned modes, which

are defined in Table 1.

Table 1. Identified Oy gas flow rates in sccm for the different operating regimes in the reactive magnetron discharges
investigated: metal mode, transition mode, and poisoned (compound) mode. Please note that two different process

points in the poisoned regime were selected.

Discharge Pure Ar Metal mode Transition mode Poisoned mode 1  Poisoned mode 2
DCMS 0 0.11 0.2 1.0 2.0
HiPIMS 0 0.11 0.2 1.0 2.0

mode of operation and the corresponding O, flow rate
interchangeably.

Note that there is commonly a hysteresis observed in the

process parameters (i.e. target voltage, deposition rate,
and reactive gas partial pressure) in reactive sputtering
[31], which makes it difficult to operate the process in the
desired transition region, where stoichiometric coatings at
high deposition rates can be obtained. We also observe a
hysteresis in the measured deposition rate, see Figure 4,
although it is somewhat reduced in the HiPIMS case. For
the DCMS case, it was difficult to record repeatable and
consistent values for the energy flux when operating inside
the transition region. A slightly lower flow rate (0.2 sccm)
for the transition region had to be chosen as indicated by
the second vertical dashed line in Figure 4a. This was not
an issue in the HiPIMS case.

Lundin et al. [11] have previously reported on a
hysteresis-free TiO, HiPIMS process, where it was possi-
ble to reach stable operating points also in the transition
region. We note that, although the magnetron size and
the process gas pressure were almost the same as in the
present case, the pulse peak currents achieved here were
smaller compared to [11]. In addition, Kubart et al. [32]
did experience hysteresis during TiOs deposition for dif-
ferent HiPIMS pulsing frequencies. We therefore agree
with the conclusion of Aiempanakit et al. [33] that reduc-
tion/elimination of hysteresis in reactive HIPIMS is likely
system dependent and governed by the process condi-
tions, such as target size, pumping speed, gas pressure,
and HiPIMS pulse characteristics.

From the QCM measurements we also find that the
mass deposition rate changes by a factor 14 between

the metal mode and the poisoned mode in HiPIMS.
For DCMS there is a reduction of a factor 10. How-
ever, unlike previous reports of strong reduction in the
deposition rate in HiPIMS compared to DCMS when
depositing pure metal coatings [34], we here find a rate
difference between HiPIMS and DCMS of about 0.75 in
pure Ar. This is a considerably higher value compared to
ratemgipivs /ratepcms = 0.30 reported by Samuelsson et
al. [34]. Mishra et al. [35] reported a six fold increase in
the deposition rate of Ti for HIPIMS by weakening the
B-field of the magnetron by up to 33%. It is likely that
the main reason for the increased ratepipivs /ratepcms in
our study is due to the magnetic field strength and con-
figuration of the magnetron. Further investigations of this
topic are beyond the scope of the present work.

3.2 Energy flux

The total energy flux Jio; for the identified modes of
operation for increasing Oy flow rate in DCMS and HiP-
IMS are shown in Figure 5. The overall trend is that the
HiPIMS discharge generates a more energetic flux with
values around Ji,; =150-180 mVV/cm2 as compared to
the DCMS discharge with Jyot = 115-125mW /cm?. Both
Lundin et al. [16] and West et al. [36] have previously
reported a lower total energy flux in HiIPIMS compared
to DCMS when running in pure Ar at the same aver-
age power. However, the main reason was found to be a
substantially lower deposition rate in HiPIMS, which is
not the case in the present work, see also Section 3.1.
In addition, for a rotating cylindrical magnetron sput-
tering discharge with a Ti target in Ar, Leroy et al. [37]
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find that the total energy flux arriving at the sub-
strate is slightly lower for HiPIMS than for DCMS for
the same average power. We therefore conclude that
Jiot,miPIMS / Jrot, DoMs = 1.48, found in the present work
in pure Ar, is likely a result of more energy per deposited
particle in HiPIMS, as previously reported [16], in com-
bination with a relatively high deposition rate for this
discharge configuration, as discussed in Section 3.1.
Looking closer at the energy flux results for the HiP-
IMS discharges, we also find that Jiot miprms decreases
as the Oy flow rate increases and the discharge switches
from metallic mode to poisoned mode. Bornhold et al. [18]
reported an opposite trend when depositing c-BN using
an addition of Oy gas to the conventional Ar/Ns mix-
ture in rf magnetron sputtering. In their case the energy
influx increased from about 60 mW /cm? to 90 mW /cm?
as the Oy flow rate increased from Osccm to 20sccm.
Due to the differences in material system and operat-
ing conditions, it is, however, difficult to make any direct
comparisons with our results. For the present HiPIMS
experiment, the decrease in energy flux is rather limited,
less than 20%. We believe that the main reason for this
behavior is the reduction of the deposition rate seen in
Figure 4b, which reduces the energy flux by neutrals J,.
However, looking only at the mass deposition rate, one
would expect a much stronger and more abrupt reduction
in the energy flux with increasing Oy flow rate (see also
Sect. 3.1). This effect is either minor or compensated by
an increase of energy flux by some other contribution(s).
On the other hand, it is known that the neutral flux con-
tribution can carry a significant part of the total energy
flux in at least non-reactive magnetron discharges [16],
sometimes even the dominating part [29]. Instead, based
on recent modeling of HiPIMS TiO, processes by Gud-
mundsson et al. [23] and Lundin et al. [38], we suggest
that there is an increase of the energy flux by ions J;
and by electrons J., when the discharge is operated in
the poisoned mode. The reason is that recycling of mainly
ArT-ions (ions impinging on the cathode and then return-
ing to the plasma volume and becoming ionized again) has
been found to dominate the discharge current in this mode
[23]. The recycling leads to increased discharge currents in
the poisoned mode, which we also observe in Figure 2b,
as well as increased ionic densities [23]. One indication
of such process gas recycling is an increase of the elec-
tron temperature 7T.. We therefore carried out Langmuir
probe measurements at the same location as the thermal
probe. T, was indeed found to increase from about 0.8 eV
to about 1.7¢V as the Oy flow was varied from 0.0 sccm
to 2.0sccm, whereas the time-averaged n, did not exhibit
any significant change. These results are also in line with
results from Cada et al. [39], who carried out time-resolved
Langmuir probe measurements during the HiPIMS dis-
charge pulse in TiO, processes at the same distance from
the target and using the same target size as in the present
investigation. We therefore conclude that the increase in
T, will likely increase J., since J, = 2i—EkBTe, where j.
is the electron current and kg the Boltzmann constant.
Indeed, by calculating the electron contribution to the
total energy flux, we find that J./Jsum increases from
about 10% in pure Ar to 18% in the poisoned mode. Jyum
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Fig. 5. The total energy flux measured at 4 cm from the tar-
get with the probe facing the target surface. The energy flux
was measured for increasing Oz flow rate at the chosen pro-
cess points of interest for the pure Ar, metal, transition, and
poisoned modes, which are defined in Table 1.

is the calculated total contributions to the energy influx
from electrons, ions, sputtered neutrals, film condensa-
tion, and recombination of electrons and ions at the probe
surface, discussed elsewhere [29]. It also supports the idea
of an increased J;, since J; = g—o (Pp1 — Viprobe); Where j; is
the ion saturation current described by the Bohm flux and
thereby proportional to /7. ($p; — Vprobe) is the poten-
tial drop between the plasma and probe potential. We find
that the calculated ion contribution, J;/Jsum, increases
from about 24% in pure Ar to 38% in the poisoned mode.

It should be noted that we did not include any contri-
bution from negative ions in our calculations above, such
as O~ created at the target surface. Typically 90% of the
negative ions are created by volume reactions and there-
fore not accelerated over the cathode potential to high
energies [40]. Modeling of the TiO, system in HiPIMS has
shown peak densities of O~ of less than 105 m=3 [23]. If
10% are high-energy ions then we can assume densities
on the order of 10 m™3, i.e. well below typical particle
densities of Ar (1019102 m=3), Ti (107108 m~—3, or O,
(108 m=3) for the same discharge conditions [23].

We now turn to the Jior pcms results in Figure 5. What
is striking here is that Jior,poms does not change sig-
nificantly although the mass deposition rate is found to
substantially decrease (Fig. 4a). Thomann et al. [17] show
a decrease of the total energy flux in DCMS when sput-
tering Al in Ar/Os for increasing Os flow rates by more
than 30% (between metal mode and poisoned mode).
In addition, they report a strong increase in the energy
flux around the transition, where the energy flux exhibits
a 100% increase as compared to the poisoned mode.
Thus, their results are clearly very different from what is
reported here. In addition, Mahieu and Depla [41] inves-
tigated reactive sputter deposition of TiN by DCMS, and
calculated the energy flux with increasing Ny flow rate.
They found that the energy flux per incoming metal parti-
cle increased with increasing Ny flow rate. For this nitride
there is, however, not a strong reduction in the deposi-
tion rate when transiting into the poisoned mode. Our
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own investigations of TiN (not shown) shows a decrease
of the mass deposition rate by a factor 2 with increas-
ing Ny flow (compared to our finding of a factor 10 in
DCMS and a factor 14 in HiPIMS for the TiO, system).
Direct comparisons are therefore difficult, in particular,
since no measurements were carried out to benchmark the
calculations in [41].

Unfortunately, no plasma process modeling of the TiO,
reactive process in DCMS has been performed. It should
also be noted that the discharge current decreases with
increasing Os flow rate, in contrast to the HiPIMS case,
see Section 2.1. The reason for the discharge current
decrease is claimed to be a reduction of the effective
secondary electron yield as the target becomes oxidized.
Depla et al. [42] have estimated the Ar™ induced effec-
tive secondary electron yield in a DC discharge with a
Ti target to YTi,metal = 0.114 and YTi,poisoned = 0.080 for
the metal and the poisoned modes, respectively. Since we
are running at a fixed discharge power, we also observe
an increase in the DC discharge voltage with increasing
05 flow rate from about —390V to —480V, see also Sec-
tion 2.1. An increase of 90V means that the secondary
electrons are more energized in the poisoned mode, inde-
pendent of whether these electrons are accelerated in
the cathode sheath or by Ohmic heating in the near-
cathode region [43]. Such an increase in energy, results
in increased probability for electron impact ionization of
the process gas, which is mainly Ar in the present case,
e+ Ar — Ar' + 2e. This process also generates new elec-
trons, which can continue the ionization sequence. From
our Langmuir probe measurements we find that the elec-
tron density n. increases in the DCMS case from about
1.8 x 10 m~3 at 0.0 scem Os to 7.0 x 10 m ™2 at 2.0 sccm
Oy, i.e. by almost a factor 4, which we attribute to the
above increased electron impact ionization. Further evi-
dence of increased electron energization with increasing
O, flow rate is found when measuring T, which is found
to increase from about 1.3eV to 3.3eV when transiting
from the metal mode to the poisoned mode. Also Petrov
et al. [8] found an increase of T,., when carrying out Lang-
muir probe measurements in reactive DCMS in Ar/Nj
with a Ti target. Calculating the electron contribution to
the total energy flux, we find that J./Jsum increases from
about 8% in pure Ar to 19% in the poisoned mode. For
the ion contribution, it is found that J;/Jsum increases
from about 20% in pure Ar to 38% in the poisoned mode.
Our overall conclusion for Jior poms is therefore that the
strong drop in sputtered particles and thereby deposition
rate, as the target becomes oxidized, is compensated by an
increase in J,, which is also supported by our Langmuir
probe measurements. Furthermore, the observed increase
in T, and n. also suggests an increase in J;, since the
ions are assumed to arrive at the probe with the Bohm
flux, which is directly proportional to n.v/T. [18]. In the
present setup and for the above given discharge condi-
tions, we believe that J, and J; + J. cancel each other
out and thereby Jio; poms remains unchanged as the Oq
flow rate increases.

Finally we would like to add a comment on the possi-
bility of using the PTP for reactive process control, since
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there is currently a strong interest in this topic, in par-
ticular for HiPIMS [11,44]. By reactive process control,
we here refer to a technique, which allows the user to
identify /characterize the transition from metal mode to
compound mode, and use that input as some type of feed-
back for stable operation in the transition region over long
periods of time. From the results presented in Figure 5, we
conclude that only minor changes in the energy flux can
be detected at best, when such a transition occurs. We
are also concerned about the long-term stability of the
probe in such an environment, since a significantly coated
probe head will have a different heat capacity as compared
to the clean Cu sensor plate. We therefore conclude that
although it is possible to record the energy influx, the PTP
is not a suitable tool for identifying the operating regime
during a reactive deposition process.

4 Conclusions

Reactive DCMS and HiPIMS processes using a Ti tar-
get in various Ar/Os mixtures were characterized dur-
ing different modes of operation including pure argon,
metallic, transition and compound mode. The energy
flux was generally higher in the HiPIMS case with val-
ues around Jio = 150-180 mW /cm? as compared to the
DCMS discharge with Jior =115-125mW /cm?. In pure
Ar Jior mirims/Jiot,pems &~ 1.48, but the ratio gradu-
ally decreased with increasing Os flow rate and reached
Jiot, mipiMS / Jrot,pDcms A~ 1.26 in the compound mode.
Although there is a large reduction of the mass deposition
rate (a factor 10 in DCMS and a factor 14 in HiPIMS),
when transiting from the metal to compound mode, we
detect no significant decrease of the total energy flux in
DCMS and only a minor decrease in HiPIMS (<20%).
We find that the reduction of the neutral component
is compensated by an increase in the electron and ion
flux components, which is experimentally detected as an
increase of the effective electron temperature of at least
a factor 2, and a slightly increasing (DCMS) or essen-
tially constant (HiPIMS) electron density with increasing
oxygen flow rate.
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Motivation:

This publication dealt with the influence of different process gases (Ne, Ar, Kr) on the elec-
tron energy, resulting in a higher degree of ionization and ultimately affecting the deposited
thin film. Combined PTP and Langmuir probe measurements paired with QCM investiga-
tions would also open the possibility to measure the total integral energy flux, as well as its
main contributions.

Main results:

Using a combined Langmuir and calorimetric probe a comparison of n., T,, the total energy
flux and its main contributions was possible. It was found that the first ionization potential
of the process gas has a considerable impact on the probability of ionizing the sputtered
neutrals, where plasmas of gases with a high ionization potential (Ne) exhibited a signifi-
cantly higher electron temperature. This results in a shorter mean free path for ionization
which, given the right admixture, could be used to tune the process to fulfill the needs of
certain applications. However, changing the sputtering gas also comes with changes in the
deposition rate and the energy flux at the substrate. Different substrate biasing will also
result in a different composition of the energy flux which was investigated at different probe
bias voltages.
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In this work we have investigated the effect of increasing the electron energy as a way to increase the ionization
probability of the sputtered metal (Ti) by measuring the impact of three different process gases (Ne, Ar, and
Kr). Using a combined Langmuir and calorimetric probe we were able to compare the electron density n., the
electron temperature 7, the total energy influx, as well as the different energy flux contributions from charge
carriers, neutrals and surface processes for various discharge conditions. The results show that the electron
temperature can be increased by up to a factor of 3 by using Ne instead of Ar (or Kr). Furthermore, it was also
found that by using Ne the mean free path for electron impact ionization was decreased by at least 50 %, and
for higher pressures even more. In addition, we show that the contributions from sputtered neutrals and film
formation represent a large fraction of the total energy influx, whereas the energy flux from ions is very low
due to low n. in this type of discharge. However, by investigating changes in the electron energy flux, it was
possible to study the effects of using Ne. These results may provide a way to tune the degree of ionization in
sputtering processes.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Plasma-wall interactions are important in several areas of plasma processing, e.g. etching, surface treatment and
deposition of thin films. The conditions at the substrate are affected by the incoming energetic flux, such as
electrons, ions, and neutrals, which determine elementary processes like adsorption, diffusion and chemical reac-
tions, as well as microstructure and stoichiometry during film growth [1,2]. The energy per incoming particle and
the particle flux can greatly affect the intracolumn as well as intercolumnar porosity [3], making these quantities
highly important for thin film deposition. Furthermore, the dissipation of particle energy by collisions with the
process (buffer) gas leading to a more thermalized deposition flux is of importance when synthesizing metastable
materials [4].

With the introduction of various ionized physical vapor deposition (IPVD) methods [5], such as high-power
impulse magnetron sputtering (HiPIMS) [6, 7], the possibility to ionize and accelerate a substantial fraction of
the deposition flux [8] has opened up new ways to engineer thin films with improved properties. The key to these
beneficial deposition conditions lies in the ionization reactions of the sputtered material, which typically occurs
through electron impact ionization [9].

The probability of having an electron impact ionization event for sputtered metal atoms can be described by
using the ionization mean free path, \,,;,, which depends on the velocity of the sputtered neutrals v, the rate
coefficient for such an event k,,;,, and the electron density n., through the following expression [10]:

1%
Amiz = i SR @))
mizTle
In Eq. (1) %y, can be approximated by [10]:
kmiz - koeXP(—Eo/kBTe) s (2)
* Corresponding author. E-mail: fhaase@physik.uni-kiel.de
Wiley online Librarv © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where ko and E| are material dependent constants, which can be extracted from experiments or computer sim-
ulations [10-12]. kp denotes the Boltzmann-constant. A closer inspection of Eqs. (1) and (2) shows that T,
residing in the exponential expression of Eq. (2), provides a more efficient way for increasing the ionization
probability (decreasing \,,;.) as compared to the linear term. The main factor that determines 7, in magnetron
plasmas is the process gas; at least in the gas-dominated sputtering regime, such as for steady-state DC magnetron
sputtering (DCMS) and short HiPIMS pulses ({puise S 100 us) [13]. The reason is that there must be a sufficient
number of electrons with energies above the first ionization potential of the process gas in order to generate the
required ionization to sustain the plasma [14].

This implies that gases with a high first ionization potential, such as Ne (E; = 21.56 eV), possess the po-
tential to increase T, beyond what is found in for example an Ar discharge (E; = 15.76 eV) or Kr discharge
(E; = 14.00 eV) [15]. Aijaz et al. [16] explored this possibility in the case of a HIPIMS process depositing ta-C,
where it was indeed verified that adding Ne to the Ar/C process increased the C'* flux towards the substrate.
However, due to noisy plasma conditions it was not possible to perform Langmuir probe measurements during
plasma-on (only in the afterglow), which meant that it was not possible to quantitatively assess changes in both n,
and T, during the plasma discharge. Earlier measurements by Petrov and co-workers [17] in DCMS comparing
Ne/C and Ar/C discharges revealed indeed that T, increases. Although no detailed investigations were carried
out related to changes in the ionization of sputtered carbon as well as no information on the changes of the en-
ergy flux, the total ion current increased in the Ne/C discharge for process gas pressures larger than 1 Pa [17].
However, in another investigation by Petrov et al. [18] no difference in the total ion current was observed when
changing to a vanadium (V) target. For the latter case no n. and 7, data are available. In addition, Thornton and
Lamb [19] investigated the total energy flux to the substrate in a cylindrical magnetron source with a molybdenum
(Mo) target operated in Ne, Ar, Kr, and Xe. They found that the energy flux in the Ne/Mo discharge was consid-
erably larger as compared to the other discharges using noble gases with lower first ionization potiential. It was
speculated that this was due to energetic reflected ions, but no deconvolution of the various energy contributions
was made.

In this work we have therefore carried out measurements of n, and T, for different process gases (Ne, Ar,
and Kr) in magnetron sputtering of titanium (Ti) using a combined Langmuir and calorimetric probe, which was
recently developed [20]. The results have been compared with the energy flux, which was monitored simulta-
neously, in order to investigate the total energy influx as well as the different contributions from charge carriers,
neutrals and surface processes.

Focus has been on the steady-state DCMS discharge in order to eliminate any transients that commonly arise
in pulsed discharges. Different process gas pressures have been investigated as well as two different regions: the
denser plasma region halfway between the cathode and the substrate as well as the substrate region. The paper is
organized as follows: in section 2 the experimental magnetron system and the probe setup are described. Section
3 treats the electron density and temperature. The energy flux measurements and the deposition rate are covered
in section 4. Conclusions and an outlook are given in section 5.

2 Experimental setup and data acquisition

2.1 Deposition apparatus

A standard planar circular magnetron with a target diameter of 0.05 m (2 inch), equipped with a Ti (99.9 %)
target mounted in a cylindrical vacuum chamber (height 0.50 m, diameter 0.45 m) was used in the present work,
see Figure 1. The magnetron was operated in direct current mode at a constant power of 100 W unless oth-
erwise stated. Discharge current and voltage characteristics of the magnetron were recorded directly from the
DC power supply (Advanced Energy, MDX 500). The chamber was pumped by a two stage pumping system
(turbo-molecular pump and membrane pump) to a residual pressure < 2x 1076 Torr (2.7x 10~ Pa), after which
the working gas (Ar (N5), Ne (N5), Kr (N48), respectively) was let into the chamber. The pressure was set to 10
mTorr (1.3 Pa), 18 mTorr (2.5 Pa) or 30 mTorr (4.0 Pa), respectively.

2.2 The transient calorimetric probe

For electrostatic probing and energy flux measurements, a calorimetric probe with a sensor made of copper was
used (diameter of 10mm). The sensor area was shielded by a Macor® block mounted at the backside of the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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copper disc, which was connected to a thermo couple (type-K) for temperature recording and a copper wire for
biasing and current measurements. Detailed information on the probe design is given by Stahl et al. [21]. The
probe was mounted on a rod at a distance of 0.06 or 0.12 m, respectively, below the center of the target surface.

N | v

vacuum chamber

~
o magnetron
gasinlet ——=
Target
PC
plasma/
pumping d
system
calorimetric
probe |

T

L
—1 =

Fig.1 Schematic of the cylindrical deposition chamber used in the experiments, displaying the cathode mounted in the lid of
the chamber (top) and the combined Langmuir/thermal probe head placed below at either z = 0.06 m or z = 0.12 m from the
target surface. HV denotes the computer-controlled DC high voltage power supply. PE denotes the probe electronics, which
was also computer controlled. Note that the different objects are not drawn to scale.
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The magnetron power supply and the probe electronics were synchronized in order to control the data record-
ing during plasma-on as well as plasma-off. The measurement procedure was as follows: During plasma-on the
probe bias was swept from -50 V to +10 V in about 50 s by the probe electronics and an I,ope — Vprobe Curve
was recorded, here denoted I — V' characteristics. A typical curve is shown in Figure 2. The electron temperature
T, was obtained from a semi-logarithmic plot of the probe current versus the probe bias using

1. evprobe
() = @

where [, is the measured electron current and I, the electron saturation current. The plasma density n, was
calculated using the electron temperature and the ion saturation current. For these calculations we assumed a
Maxwellian electron energy distribution function (EEDF), which has been shown to be valid in DCMS for total
gas pressures above ~1 Pa [22]. The recorded EEDF:s for the different discharges support this assumption. An
example can be seen in Figure 3 for the Ar case in a pressure of p = 1.3 Pa using a DC discharge power of P
= 100 W. The fairly straight line in the semi logarithmic plot indicates a Maxwellian distribution and therefore
justifies our calculations.

www.cpp-journal.org © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 3 Calculated electron energy distribution function (EEDF) for an Ar discharge at a pressure of p = 1.3 Pa and a DC
discharge power of P = 100 W. The semi logarithmic plot shows a fairly straight line indicating a Maxwellian distribution.

The naturally present noise on the measured probe characteristics introduces an error on the investigated
EEDF:s. Although we used averaging to reduce this error, it should be noted that some noise still remained of
the recorded electron current for the high-energy tail even after smoothing. Such noise introduces errors in the
calculations of the plasma parameters. However, the error contribution is estimated to 10 % - 15 % or less, since
the high-energy tail only constitutes a minor part of the EEDF in our case. When plotting n. and 7, we have
therefore added error bars. Note however, that n. is plotted on a logarithmic scale, which means that the error
bars are on the same scale or smaller than the plotted symbols. It should be noted that the probe did not seem to
affect the DC plasma discharge during biasing, and we saw no signs of the probe starting to act as an anode in
the electron saturation mode when collecting the I — V' characteristics.

After the voltage sweep the plasma was turned off and the probe cooled down for 300 s. During the combined
plasma-on and off periods the probe temperature characteristics (1" — t) were recorded by the calorimetric probe
electronics. Details of the measurement procedure for acquiring the 7' — ¢ characteristics are given by Bornholdt
et al. [20]. A typical T' — ¢ plot is shown in Figure 4. This procedure was repeated for the different gases and
pressures when the probe was placed at z = 0.12 m. The temperature behavior was used for calculating the total
energy influx.

300 I T I I T T
: : * heating
* cooling
250 o fo e b : 1
g
g 200 ] Fig. 4 Typical temperature behavior of the probe during
g a transient measurement. The process parameters were the
g 150l | same as in Figure 2. In the beginning the heating is fast due
e to the high voltage accelerating the ions. This region corre-
i sponds to the ion saturation region in Figure 2 (light grey).
100k NG B When the probe potential is approaching floating potential
the heating is only moderate, due to the low acceleration
i voltage. For the electron acceleration (middle grey) and
50 . . : . S e— electron saturation (dark grey) regions the heating is the
0 50 100 150 200 250 300 350 400

Time (s) strongest due to the high electron current.

2.3 Energy flux contributions

The T'—V characteristics recorded by the calorimetric probe were also used to calculate the various contributions
to the total energy influx. In this work we have taken into account contributions caused by electrons J., ions J;,p,,
electron-ion recombination J,..., impact of sputtered neutrals J,,, and film growth J.,,4. The procedure for these

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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calculations is described in [2,23], but will here be summarized for increased clarity when interpreting the energy
flux results.

The first three contributions are related to charge carriers, thus their portions can be determined from the
I — V characteristics obtained with the Langmuir electronics. The contribution by electron impact (assuming
a Maxwellian electron energy distribution function) is calculated using the electron current density j. and the
electron temperature 7:

Je =22 kpT,, )
€0

where e is the elementary charge. The ion current density j; and plasma potential ®,, is used for the calculation
of ion impact:

j .
Ji = i(épl - Vprobe) . (5)
€o
The third contribution, which can be calculated from the plasma parameters, is the recombination of electrons
and ions (ionization potential ®;,,,) at the probe surface with the electron work function ®.,, . This is given by

Jrec - ji(CDion - (I)ewf) . (6)
€o

Furthermore, the deposition rate was investigated in order to calculate the contributions from impinging sputtered
neutrals (deposition flux) J,, and the energy released by film condensation J..,4 to the total energy influx, since
they cannot be determined from the current measurements. The growth rate was investigated for the various
conditions by utilizing a quartz crystal micro balance (QCM), which was mounted at the same position as the
probe (only at 0.12 m from the target).

10° . .

+ all sputteréd Ti
¢ sputtered Ti @ probe

counts [arb. units]

_ Fig. 5 Calculated energy distributions of sputtered neutral

Ti atoms during Ar ion bombardment. The energy distri-

bution of those atoms which hit the probe (open symbols)

0 00 260 3"[']0 4{‘,0 500  differs from the overailll distribution (ﬁl.led symbols). The
energy [eV] data was generated with SRIM calculations.

The determination of J,, and J.,,q is based on SRIM simulations [24] and growth rate measurements. SRIM
is a Monte Carlo based code simulating many features of the transport of ions in matter. This includes sputtering
events for various target materials and projectiles. A detailed description of the physics used in the SRIM code
is given by Ziegler et al. [25]. Again, like for all contributions, they are given by the particle flux times the mean
energy delivered by each particle. The procedure is as follows: First off, SRIM simulations were performed
by using the target potential taken from the experiments in order to obtain the angular energy distribution of
sputtered Ti atoms for the different process gases used. For the calculation of the mean kinetic energy Ey;,
only those particles hitting the probe were used, see Figure 5. The particle flux of the neutrals I',, can easily
be extracted from measurements of the growth rate R by using I' = pR/m, where m and p denote the mass of
the atom and the density of the film, respectively. Ey;, and R have been summarized in Table 1. For increased
clarity we have also plotted the normalized deposition rates compared to R 4,. They are displayed in Figure 12
and are further discussed in section 4.

www.cpp-journal.org © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Mean kinetic energy and growth rate for the three investigated pressure regimes using Ar, Kr, and Ne.

Ar Kr Ne
Pressure (Pa) | Ejin R Erin R Erin R
V) (nm/min) | (eV) (nm/min) | (eV) (nm/min)
1.3 17.2 65.0 12.1 44.6 22.7 50.4
2.5 16.6 553 11.7 31.5 22.1 46.4
4.0 16.6 42.8 11.7 23.5 21.1 41.7

Thus, the contribution by impinging sputtered neutrals (deposition flux) can be calculated as

Jn = TnErin - (N
The contribution by film formation (film condensation) is estimated from
Jcond = FnaEbind ; (8)

where Fjy;nq is the surface binding energy between the metal atom and the film and « the sticking coefficient.
Here o = 1 is assumed, which is typically used for sputtering metal onto metal. For the binding energy of Ti a
value Fy;,q =4.89 eV [26] was used.

3 Electron temperature and density

3.1 Measurements at the substrate position and close to the ionization region
z=0.06
8 T \
e e
6 ¥_\¥‘F_*——7—77_,_77_ﬂ 4
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Fig. 6 Electron temperature plots for the near-cathode region at z = 0.06 m (top) and substrate position at z = 0.12 m (bottom)
vs. process gas pressure. The DC discharge power was in all cases fixed at 100 W. Note that the scale for 7% in the bottom
plot is not the same as in the top plot, due to large differences between the two regions investigated.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org

89



90

Contrib. Plasma Phys. 55, No. 10 (2015) / www.cpp-journal.org 707

The Langmuir probe results for the two positions investigated are shown in Figure 6 and Figure 7 for the
region at z = 0.06 m and for the substrate position at z = 0.12 m. In general, it is seen that both n. and 7T, exhibit
larger values closer to the cathode, as expected, since this region exhibits stronger electron trapping giving rise to
the well-known dense plasma torus above the target race track (see for example [27]). Furthermore, the electrons
are mainly accelerated in the cathode sheath and extended pre-sheath [14, 28] before successively being slowed
down as they traverse the magnetic field lines of the magnetron out into the plasma bulk (larger z distances),
which explains the changes in 7.. From Figure 6 it is also seen that 7, increases with decreasing process gas
pressure. Similar observations were made by Petrov et al. [17]. It is likely a consequence of the plasma trying
to sustain itself with fewer seed gas atoms available, and therefore 7, increases to increase the probability of
10onization.
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Fig.7 Electron density plots for the near-cathode region at z = 0.06 m (top) and substrate position at z = 0.12 m (bottom) vs.
process gas pressure. The DC discharge power was in all cases fixed at 100 W.

However, what is remarkable is the strong increase in electron temperature in the Ne/Ti case with T, ~5 -7
eV as compared to the other process gases used, where T, ~1 - 3 eV, see Figure 6. This is most striking for z =
0.06 cm, where T, n. consistently is a factor 3 larger over the entire pressure range investigated as compared to
Ar/Ti and K1/Ti. At the same time 7. n. shows 2-3 times lower values as compared to n, 4, and n. g, (Figure
7, top). For the substrate position (z = 0.12 m) the same trends can be seen, although the differences in plasma
parameters between the different process gases are smaller. 7 is here in the range 0.5 — 1.4 eV with Kr/Ti giving
rise to the lowest values and Ne/Ti generating the highest values. In all cases 7, is fairly constant around 1x 106
m~3 (Figure 7, bottom).

It should be noted that the Langmuir probe characteristics in all cases exhibited a Maxwellian distribution of
the plasma electrons. A small hot electron component could sometimes be discerned at probe bias voltages of
around -20 V to -30 V, which did skew the current-voltage trace somewhat. For the present investigation we
chose to focus on the cold plasma electron population.
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3.2 Conditions for increased ionization probability of the sputtered material

To quantify the above presented plasma characteristics with respect to increased probability of electron impact
ionization we have below calculated the ionization mean free path \,,;, for the sputtered Ti based on Eq. (1) for
the different process gases as well as the pressure range investigated.

For the calculations, an averaged velocity of the sputter-ejected Ti, v, was used based on experimental mea-
surements of the velocity distributions at different pressures and under different angles of view relative to the
target surface by Britun et al. [29] using Fabry-Perot interferometry in the near-cathode region. These values are
summarized in Table 2. Note that these are estimations based on Ar discharges.

Table 2 Estimated average velocity of sputtered neutrals in Ar, after [28], used to calculate Ay, .

Pressure (Pa) | Velocity of sputtered
neutrals v (m/s)

1.3 550
2.5 320
4.0 250

The rate coefficient for electron impact ionization of Ti, k,;,(T%), has been estimated by Hopwood [10] to
Kmiz(T.) = 2.34x 107 3exp(—7.25/kpTe). Using this input together with our presented values for n. and 7T,
(Section 3.1) we calculated \,,,;,,, for our two regions of interest. The results are plotted in Figure 8 for z = 0.06
m and z = 0.12 m. Note that A,,;. has, for each investigated pressure, been normalized to A,;. 4, for increased
clarity and easier comparison. It should be noted that \,,;, in typical DCMS discharges is on the order of several
tens of cm in the dense plasma zone above the target surface due to the limited plasma density (see also Figure
7), which was also found in the present study. This is further discussed in section 4 concerning the ionic flux
contribution. However, we will first discuss the changes in the probability of electron impact ionization based on
the measured n. and 7, data.
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Fig. 8 The mean free path for electron impact ionization of Ti, which, for each investigated pressure, has been normalized
to the Ar case, Amiz, ar . These results are calculated based on the Langmuir probe measurements in the near-cathode region
(top) and substrate region (bottom), which are shown in Figure 6 and Figure 7.
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It is evident from Figure 8 that the overall effect of using Ne instead of Ar or Kr results in a great increase
of the ionization probability for the sputtered Ti over the whole pressure range investigated. For the denser
plasma region at z = 0.06 m we find that the mean free path in the case of Ne decreases to about 25 — 44 %
of the corresponding \,,;, for Ar depending on pressure. For our purposes these results are very important,
since generally the near-cathode region is expected to generate most of the ionization of sputtered material, as
described by Brenning et al [30] in their modeling of magnetron discharges. Here is also clearly shown the
greater importance of the electron temperature for the investigated inelastic collisions. We find that, although
Ne,Ne Shows 2-3 times lower values as compared to n. 4, and ne, i (Figure 7, top), this only plays a minor
role in the overall reaction kinetics when ionizing Ti. For the Kr/Ti discharge, it is found that \,,;, increases by
approximately 42-99 % as compared to Ar/Ti. It is therefore concluded that the first ionization potential of the
sputtering gases has a considerable impact on the probability of ionizing the sputtered neutrals.

Also in the substrate region (z = 0.12 m) the same trends are still valid. The mean free path in the case of Ne
decreases to about 0.03 — 59 % depending on pressure as compared to the Ar/Ti discharge. Since n. was fairly
constant at about 1x10'® m~3 independent of pressure and process gas type, this increased ionization is more or
less entirely due to an increased electron temperature. For the Kr/Ti discharge, it is found that \,,;, increases by
approximately 250-1700 % as compared to Ar/Ti.

4 Energy flux and deposition rate

The energy balance at the substrate is a key factor for film structure and morphology, because the resulting surface
temperature influences surface processes like diffusion, ad-atom mobility etc. In addition, it is also reported that
different contributions have different impact, depending on if the energy transfer is connected to momentum
transfer by kinetic impact of ions and fast neutrals or if it is caused by surface processes like recombination,
molecule formation and film growth. Especially ion bombardment is known to be crucial for optimizing the film
properties [31,32]. Since the energy balance depends on the process gas, because plasma parameters and sputter
yields vary, we have also taken a closer look at the different contributions caused by electrons, ions, electron-ion
recombination, impact of sputtered neutrals, and film growth, as previously described in section 2.3.

. Gas: Ar
10 T : .
—a—J
e
——4,
10° 1=
\'\, Jcond
Jn
2
€ 10 = ™ Yrotal
=" 10’ ]
10° | /’9’/—‘} |
10" ‘ : ‘ - ‘ -
1 15 2 25 3 35 4 Fig. 9 Evolution of the different energy flux contributions
Pressure (Pa) at ground potential for the substrate position z =0.12 m vs.

argon pressure.

We will first focus on the measured total energy influx J;,; for the three different gases and compare it to the
calculated contributions. From Figures 10-12 it is seen that there is not a great difference in J;,;, when changing
process gas. The general trend is however that Jiot ve > Jtot, ar > Jiot, kr. Note that there is a good qualitative
agreement between the measured and calculated energy fluxes. However, the differences, which are most obvious
at the electron acceleration and saturation regions (not shown), may be attributed to resistive heating of the bias
wire due to relatively high currents. The differences between calculation and experiment in the ion saturation
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regime have been measured in different experiments [23] and are attributed to the fact that collisions of ions are
not accounted for in this treatment. For all investigated sputter gases there is only a slight reduction of the total
energy flux with increasing pressure. The small pressure effect seen is likely an effect of the increasing collision
frequency as the pressure increases. It leads to a reduction of the particle flux perpendicular to the target and an
increase of the flux parallel to the target surface, i.e. a more isotropic flux at higher pressure. This effect was also
verified using the OMEGA code [33], which showed that the mean kinetic energy was reduced to 0.65 — 1.0 eV
at the probe surface (see also Table 1). However, these simulations were only performed for the Ar/Ti discharge,
since Ne and Kr has not yet been implemented in the code.
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Pressure (Pa) tions at ground potential for the substrate position z = 0.12

m vs. krypton pressure.

From the calculated contributions it is seen that the largest fraction comes from kinetic impact of neutral metal
atoms J,, originating from collisions cascades at the target. In addition it is seen that .J,, exhibits a steep increase
from Kr to Ar. Changing process gases from Ar to Ne only slightly increases .J,,, which is due to increased Ej;,,
for the Ne case (Table 1), since Ry, < Ra.. A similar trend has been reported by Thornton and Lamb using a
Mo target [19], although they noticed the greatest difference going from Ar to Ne.
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We now turn towards the question of increased charged particle contribution to the energy flux for process
gases with higher first ionization potential, such as Ne. Comparing only the ion contribution J; in Figures 10-12
we do not find a significant difference between the three different gases investigated. Typically J; ~ 1 — 3 W/m?
and increases somewhat with increasing pressure. This result is in line with previous ion flux measurements by
Petrov et al. [18] on a V target using Ne, Ar, Kr, and Xe. In case of substrates which are more negative than the
plasma potential the positive ions reaching the surface can only escape from the surface if they are neutralized.
Thus, there is a second contribution by the ions due to recombination, J,.... From Figures 10-12 it can be seen
that there is indeed a slightly higher contribution of J,.. in the case of Ne/Ti with a maximum reaching ~25
W/m?. We believe that the reason for these small changes in the ionic contribution is due to the low degree of
ionization of sputtered material for DCMS discharges with typical ionization mean free paths around 0.50 m or
more resulting in a degree of ionization of a few percent or less. It is therefore extremely hard to detect any
changes even though a clear change in 7., is observed. We conclude that the calculated total ionic contribution to
the energy flux is not sufficient to determine if there are any significant changes in the ionization and transport of
sputtered Ti. However, it may still be possible to detect an increase of the ionization of the sputtered (metal) atoms
by performing mass spectrometric measurements under the same conditions. Such measurements are planned to
be carried out in the near future. Also, ongoing investigations using HiPIMS will result in increased n. due
to the higher instantaneous power density on the cathode, which will effectively decrease A, s, to only a few
centimeters and, thereby, amplify the ionic contribution, as suggested by earlier measurements [34].

If we instead consider the electron energy flux, J, which is the third and final contribution to the charged
particle flux, the situation is quite different. Here a strong increase is detected in the Ne/Ti case with values
around 90-150 W/m? as compared to 20-100 W/m? for Ar/Ti and 6-40 W/m? for Kr/Ar, which is most likely an
effect of the more energetic electrons (higher 7¢). Note that this is not an obvious result since .J, is proportional
to T, as well as indirectly proportional to n. (through the electron current density j.). Even though the lowest
electron densities were measured in the Ne/Ti discharge, we still find a higher J. for this case due to more
energetic electrons. The same can also be said when looking at the pressure dependence, where J, is generally
found to decrease with increasing pressure. This is an effect of the measured T, which slightly decreases with
increasing pressure, although 7. exhibits the opposite trend, see Figure 6 (bottom) and Figure 7 (bottom).

Changing the sputtering gas however, will result in different deposition rates on the substrate. To quantify
these changes, quartz crystal microbalance (QCM) measurements were performed with all three gases under all
three pressure configurations respectively. For a better understanding these values have been normalized to the
Ar rates for each pressure regime, which is shown in Figure 12. It can be seen that both Ne and Kr yield lower
deposition rates than Ar.

1.2 T T . .
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X 08¢
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061 * { 1] = Ar
4 Ne
* Kr
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1 1.5 2 2.5 3 3.5 4

Pressure (Pa)

Fig. 12 Normalized deposition rates compared to the commonly used Ar case for all pressures investigated (1.3, 2.5, and
4.0 Pa) and all process gases (Ar, Ne, Kr). These measurements were taken at the substrate position (z = 0.12 cm). The DC
discharge power was in all cases fixed at 100 W. The exact values are found in Table 1.

At low pressure the difference in the deposition rate between Ne and Ar is related to the slightly higher sputter
yield of Ar, which was also verified in our SRIM runs. However, with increasing pressure this difference is almost
eliminated. This is likely due to increased scattering of the sputtered Ti at higher pressure, in which Ti is more
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scattered in a collision with Ar (mass 39.95 u ) than with Ne (20.18 u) due to Ar being heavier. Less Ti will
thereby reach the QCM head.

In the case of Kr (83.80 u), the trend is the opposite as compared to Ne, with an increasingly lower deposition
rate as compared to Ar for higher pressures. This is also due to increased scattering of sputtered Ti, since Kr is
the heaviest element of the three gases investigated. At low Kr pressure this effect is less important. However,
the flux of ions sputtering the target is also considerably lower for the Kr case, which is reflected by a lower
discharge current (170 mA for Kr compared to about 220 mA for Ar and Ne at 1.3 Pa).

5 Conclusions

In this study we have investigated the effect of increasing the electron energy as a way to increase the ionization
probability of the sputtered metal by measuring the impact of three different process gases (Ne, Ar, and Kir).
Using a combined Langmuir and calorimetric probe we were able to compare n., T, the total energy influx, as
well as the different energy flux contributions from charge carriers, neutrals and surface processes for various
discharge conditions.

It was found that the first ionization potential of the process gas has a considerable impact on the probability
of ionizing the sputtered neutrals, where plasmas of gases with a high ionization potential, such as Ne, were
shown to have a significantly higher electron temperature, and thereby a shorter ionization mean free path, as
compared to plasmas of gases with a low ionization potential, such as Kr. Thus, the degree of ionization can
be somewhat tuned in order to fulfill the needs of the application. However, changing the sputtering gas also
changes the deposition rate and the energy flux at the substrate. This was verified by calorimetric measurements
and modeling of the different contributions of the energy influx. It was shown that in the case of DCMS the
contributions from sputtered neutrals and film formation represent a large fraction of the total energy influx. At
ground potential the energy flux from ions is very low due to low n. in this type of discharge, but may exceed the
contribution by neutrals at negative substrate bias. Still, by investigating changes in the electron energy flux J.,
it was possible to see the effect of the increased electron energy.
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Motivation:

The goal of this work was the investigation of a gas aggregation source (GAS), which op-
erates a DC magnetron in fairly high pressures (20 Pa up to 210 Pa) and aims to produce
nanoparticles. The composition of the energy flux and its evolution during parameter varia-
tion (distance, magnetron current, pressure) was of key interest. Additionally, the influence
of a composite target (W in Cu) as compared to pure W and Cu targets should be studied,
since it opens up new ways of creating composite nanoparticles.

Main results:

The studies in this publication exhibited comparable basic mechanisms contributing to the
energy flux for the higher pressure regimes the GAS operates in, as compared to low pres-
sure regimes of conventional DCMS. Contributions from charged particles (electrons and
ions) and radiation have comparably small influences on the integral energy flux. Similar to
conventional DCMS the energy flux is mainly composed of the contribution of film conden-
sation and reflected neutrals. The contribution of reflected neutrals is highly dependent on
the gas-target mass ratio.
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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 nanoscience!™. In the past, the major
focus was laid upon construction of GAS themselves®7,
to understand the basic principles of the nanoparticle for-
mation process’ 289 the properties of single-phase parti-
cles and their transport to substrates'® '2. 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 material'®'. 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 chamber!® 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 metals'®17. Other
studies with different forms of composite targets like a
silver target with a concentric thin gold wire inserted in
the erosion track!® or various alloyed targets!®—2' 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
demonstrated??, the formation and growth of such NPs
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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).

Il. 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 1/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-



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 (dq,; = 66 mm) and then successively moving
it closer to the probes with intermittent measurements
until reaching the minimum distance of d,,;, = 16 mm.

exit orifice water cooling

magnetron

\gasinlet

target

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.

Cu/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.

Il. 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/min?3.
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 variation of variation of
distance current 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/cm®)
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 um. Spot-welded to the back of it
is a Type K thermocouple and an additional copper wire
for biasing and current readings2*. 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.

copper platelet
shield (steel)
ceramic tube

type K + bias wire

EEODEN

base cylinder (steel)

sensor head
retainer screw

probe mount

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.
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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 (H) and the time derivative of
the temperature (7%) of a well defined substrate dummy.
During the heating (7}, - energy source on) and the cool-
ing (7. - energy source off) of the substrate dummy this
relation yields:

Heating: Hj, = CsT), = P,
Cooling: H. = C,T. =

- Pout,h (1)
7Pout,c <2)

Here Cj is the heat capacity of the probe, P;, gives the
power from the source and Pyt p and Py, . 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 (Poyt,n(Ts) = Pout,c(Ts)), the equations for heat-
ing and cooling can be combined to calculate the energy
flux J;p:

Jo= T = G (), 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 in?®, 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



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.

coolingl Heating éooling
130 Pphase phase phase
© 120+
o
2
@ 110
©
£
© 100 F
90 heating
kink
195 200 205 210 215 220
time (s)

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, T, — T, can be easily obtained and the en-
ergy flux can be calculated from equation 3, using the
heat capacity Cs and surface area A, of the probe. The
heat capacity was determined before and after the mea-
surement campaign using a calibration experiment intro-
duced in?*. The obtained values Cs pefore = 0.027 J/K
and Cs gfter = 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

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
vs 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.

available?®: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 study?®.
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 (AU,g:~40 V from 50 mA to 500 mA)
provides an additional factor due to the aforementioned
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increase in sputter yield.

To explain the results obtained for the variation of dis-
tance and pressure (second row figure 6a and 6¢), 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
Am fp for copper and tungsten in argon can be plotted as
a function of the background pressure as shown in fig-
ure 7%°. 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



trend is additionally amplified by the increase in mag-
netron power and voltage shown in the first row of figure
6¢c 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 Westwood?? and Ecker et al.3!.

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 II1 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 processes??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
potential®334. The Langmuir measurements performed
in this study resulted in ion current densities in the range
of 1073 — 107! mA/cm?, maximum differences between
plasma and floating potential of ~12 V, approximate elec-
tron temperatures of around 2 eV and electron densi-
ties of ~10® m™3. According to the common theory
described, e.g. by Kersten et al.3?> and Depla et al.6,
the contribution due to ions and electrons can be easily
calculated to be in the range of only a few mW/cm?.
Considering the measured energy flux values of up to
several 100 mW /cm?, 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 fluxes®”. 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
Rossnagel®®. 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, Turner3? 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
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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 Ej;y, collision
cross-section 022 and average fraction of energy transferred from
the sputtered atom per collision R¢e30. The last column gives the
energy reflection coefficient Rg of the target material for
bombardment by 400 eV argon ions*!:42.

Y  Euin (V) 0 (nm?) Ry |Re
Cul|1.59 3.5 0.54 0.57]0.01
W 10.40 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 neglected®3. 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 plasma3®. 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)#*, 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
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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 values*'#? 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



and the tungsten target. The energy reflection coefficient
RpE 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 Pp,,, and the energy flux J; to calculate a value for
ratio n of the power transfer with the following equation:

Js
Pmag/Amag ’

with A.,qg 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.%® 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
Cu?"). Thornton et al.*>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

(4)

’r]:

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 IIT 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 Driisedau et al.*', they
are 2.5 times higher. In agreement with the observations
by Driisedau 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. Driisedau 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 in#!).

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)
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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 Iyqg = 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 Thornton*® or Movchan and
Demchishin®®, 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
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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.

Figure 10: SEM images of deposited film structures using the
Cu/37TW 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



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 A, r, allowed the reflected neutrals
to reach the substrate surface with high energies creating
a significant contribution to the energy flux.
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Experimentally unraveling the energy flux originating from a DC magnetron
sputtering source
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Technique: DC magnetron sputtering (DCMS)
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Motivation:

This work was aimed at providing a detailed analysis of the energy flux during DCMS
and how its main contribution change for different gas-target combinations. Various probe
diagnostics paired with visual observation methods like an infrared camera and a scanning
electron microscope (SEM) were used.

Main results:

The three main mechanisms that pose a major contribution to the energy flux were iden-
tified as the contribution from sputtered particles, reflected neutrals and from a hot target
surface. Obviously the sputtered particles have a big influence on the growth structure of
the deposited film, reflected neutrals were found to have a great impact as well and can even
become the most important contribution to the energy flux depending on the gas-target
mass ratio. For target materials with a poor heat conductivity, like titanium, target heat
radiation developed a significant influence on the energy flux. The understanding of the
driving mechanisms behind 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 composition of
the energy flux.
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Experimentally unraveling the energy flux originating
from a DC magnetron sputtering source

Sven Gauter!, Fabian Haase!, and Holger Kersten'
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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 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-

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-
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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 Driisedau et al. [8] who addition-
ally combined their experimental results with Monte
Carlo simulations. Incorporating the results obtained
by Driisedau, 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
1073 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.

magnetron
target shutter /
C — 70 mm
probe shutter
PTP -
& Qcm
>

LP |
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

111



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

variation of variaton of

power distance 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.
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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



and a thickness of 70 pum. 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.

copper platelet
shield (steel)
ceramic tube

type K + bias wire

base cylinder (steel)

sensor head
retainer screw

probe mount

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 (H ) and
the time derivative of the temperature (T}) of a well
defined substrate dummy. During the heating (T}, -
energy source on) and the cooling (7. - energy source

off) of the substrate dummy this relation yields:

Hh = C(sjjh = Pzn
Cooling: H, = C,T, =

Heating:

(1)
(2)

Here C; is the heat capacity of the probe, P;, gives
the power from the source and Py and Py .
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 (Poyep(Ts) =
Pyt o(Ts)), the equations for heating and cooling can
be combined to calculate the energy flux J;,:

(4 - 1.).

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

- Pout,h
_Pout,c

P; Cs
= T A

3)

cooling heating cooling
130 Phase phase phase
Q1207
2
=]
‘@ 110 [
<
£
2100
90 - heating
kink
195 200 205 210 215 220
time (s)

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, T), — T, can be easily obtained
and the energy flux can be calculated from equation
3, using the heat capacity Cs and surface area A
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
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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 T, was derived from the slope
of the semi-logarithmic current-voltage plot [20]. The
plasma potential ®,; was determined as the intersec-
tion between the linear fit used to obtain T, 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
®s = —15.0 V and the plasma potential ®,; = 1.0
V, whereas helium exhibited values of ®y; = —49.3 V
and ®,; = 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 .
The electron temperature T, was determined for the



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 Y, and the yield of backscat-
tered/reflected particles Y,y as well as the average
energy of sputtered and reflected particles F, and
E,cy1, 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 10° 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. ITons 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 Y,ep) and the average
energies (E;p and E,.p;) 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,nov‘m = ansp
E’r‘efl,no’r‘m = TeflErefl~

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 J,,, the heat of condensation J.,,q and
the plasma radiation Jyqqp. 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 jy and
their respective kinetic energies. The kinetic energy
of the ions is given by the difference between plasma
and floating potential ®,; — ®;; and in the case of
a Maxwellian electron energy distribution function
(EEDF) the contribution from electrons can be es-
timated by the electron temperature T,. The con-
tribution due to recombination is calculated by the
difference between ionization energy ®;,;. and the
electron work function ®..f. The resulting energy
flux can thus be calculated as

Pewy)l;
(4)

with the Boltzmann constant kp and elementary
charge eg. 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.

Jelect'r'ic - jeﬂ[(q)pl - (pfl) + 2kBTa + ((bznzz -
0

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 I';,. As the sputtered
atoms hit the surface of the probe, their kinetic en-
ergy Eji, is transferred to the probe and as they
bind to the film, the surface binding energy Fjy;, is
released. The energy flux associated with the sput-
tered flux can thus be calculated to be:

Jsputter - F'n (Ekzn + Ebzn) (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
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Table 2: Relevant material properties for the investigated
target materials as taken from [25]. Ep;, gives the surface
binding energy, A the atomic mass number, p the density of
the bulk material and k the thermal conductivity.

| A By (eV)  p(g/cm®)  k (W/(mK))
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.



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 A, s, and by
the fraction of energy lost in each collision. The re-
duction of the initial energy from the sputter process
E,p, as a function of the distance to the target d can
be approximated by

Ekin(d) - Esp : eXp(_Rre d/)\7rpr)7 (6)

with R,.. 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 R,. at very un-
even masses but smaller energy losses for more similar
masses (0.1 < M,/M; < 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. My depicts the mass of the background
gas atom and M; 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 A, s, 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
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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:

Jr(zd = VFtsa(Tt4 - T:L) (7)

Here T; and Ty are the temperatures of the target and
the substrate, o the Stefan-Boltzmann constant, Fj
a geometrical factor for parallel discs [40] and v 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 /cm? 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
two parallel discs with diameters d¢ = 5.08 cm, ds = 11 mm,
distance 70 mm and a temperature of 100 °C of the substrate
surface. The different graphs are calculated for different emis-
sivities of € = 0.2 — 0.5 for both surfaces.

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
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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
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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
data, the electric contributions by electrons and ions calculated from the Langmuir data and the contributions from ’others’
as calculated by subtraction of the combined sputtered and electric contributions from the PTP values. As discussed in the
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-
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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 /cm?). 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

121



)
102 S
e
o ~ =
(\E) -/'r e e [EPTP
2 o - e ° ||~ % calc
£ e - A A neutr
= A A— A", A A ]-e-cond
2 o A /f a—A — 4 —ions
A R
5 0 o x ©
o 107 F x 14 —rec
©
107! ‘ ‘ :
0 50 100 150 200

magnetron power (W)

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-
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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 /cm? 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



°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,
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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 /cm?, 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/(mK), 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/cm?. 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
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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 (F) 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

16

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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5 Conclusion and Outlook

Albeit every publication presented in the last section already contains a conclusion on its
own, a general summary is given here in order to create a complete image and to present all
the different findings obtained in the different projects.
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e Evidence of secondary electrons during plasma-immersion ion implantation was found

using a calorimetric probe (publication [I[)). Although, the PTP’s measurement prin-
ciple does not allow for time resolved measurements during one single pulse, it was
still able to pick up changes in the system over the time of several high voltage pulses.
Angle variations have proven the detected energy flux to be a directed phenomenon
originating from the substrate. Further investigations, including the variation of pulse
voltage, pulse frequency, pulse length and distance to the substrate, as well as the
variation in substrate materials (Al, Cu, stainless steel) all support the proposition of
secondary electrons to be the main cause for the recorded energy flux.

Energy flux measurements were performed during plasma-immersion ion implantation
of seven different substrate materials (publication [IT]). The substrates have prelimi-
narily been treated in a hot furnace creating an oxide layer on the substrate surfaces.
The oxidized substrates were sputtered with argon with intermittent short calorimet-
ric measurements determining the energy flux. For all target materials, the higher
secondary electron yield of the oxidized surface resulted in a higher energy flux, de-
creasing with decreasing oxide layer due to sputtering of argon ions. In the case of Mg
and AZ91, the transition from an oxidized to a metallic surface was completed within
a short period of sputtering, visible as an abrupt change in the energy flux. Using
a simple model and combining the energy flux values with the recorded PIII current,
secondary electron yields could be calculated.

The same measurement principle was applied when exposing the substrates and their
metallic surfaces to a nitrogen plasma with the high voltage pulses turned on. In
almost every case, except Mg, the secondary electron yield was smaller when exhibiting
a (partly) nitrided surface as compared to the metallic surface.

Detailed investigations of the energy flux during reactive magnetron sputtering of tita-
nium were performed in [publication [III]| where two different power source modes (DC
and HiPIMS) were compared. In contrast to PIII (publications [I] and [II]) where the
fast high voltage pulses are applied to the substrate, HIPIMS applies fast pulses to the
magnetron target (cathode). Again, the PTP was able to obtain valuable information,
albeit the fast nature of the pulses. Generally, the HiPIMS process exhibits higher
energy flux values as compared to DCMS, however, with increasing O, reactive gas
flow the energy flux decreases for both systems as the target surface transitions from a
pure metal to a poisoned mode. Accompanying this process is a decrease in deposition
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rate for both DCMS (factor 10) and HiPIMS (factor 14). Further, the discrepancy
between the higher energy flux of HIPIMS compared to DCMS is shrinking with in-
creased target poisoning. However, when transitioning from a metal to a poisoned
mode, the energy flux of DCMS does not decrease on a significant level and changes
in HiPIMS were below 20%. Using Langmuir probe diagnostics during DCMS it was
found that the particle fluxes of electrons and ions increase on the other hand, which
explains the rather unaffected energy flux.

e The choice of process gas and its influence on the electron temperature during DCMS
was studied with calorimetric probe, Langmuir probe and quartz crystal microbalance
using a titanium target (publication [IV]). Argon, neon and krypton were used as
process gas and the plasma parameters were obtained at two positions (close to the
target and at a typical substrate distance) using the Langmuir probe. Close to the
target, neon exhibits considerably higher electron temperatures as compared to the
other two gases, leading to a decreased mean free path for ionization. In turn, the
probability of ionizing neutrals is higher when using neon, which opens up new ways
of tailoring the deposition process. However, drawbacks in deposition rates were also
observed.

Further, with the help of Langmuir probe data and deposition rate values, the integral
energy flux as measured by the PTP could be broken down into its main contributions.
At ground potential, the main contribution to the energy flux originates from neutrals
and film formation, however, when biasing the substrate the contribution of charged
particles may exceed those values and become dominant. This will result in different
film properties.

e Given that conventional DCMS is performed at low pressures of up to a few pascals,
the calorimetric probe was put to the test at higher pressures in [publication [V|| where
a gas aggregation source was studied, operating at pressures several tens of pascals
up to a few hundreds of pascals. Typically, the DC magnetron equipped chamber
does produce nanoparticles that exit the aggregation chamber through an exit orifice.
Detailed investigations inside the aggregation chamber using three different targets
(Cu, W, Cu/37W) were performed, while obtaining energy flux and deposition rate
values as well as plasma parameters. Results revealed the higher pressure system
comparable with conventional low pressure DCMS in terms of dominant contributions
of the energy flux. Like in conventional DCMS, reflected neutrals and the contribution
due to film formation are the major influences that dictate the energy flux. The
influence of reflected neutrals was highly dependent on the gas-target mass ratio. Gas
rarefaction and its accompanying effects were argued to be a significant mechanism in
the investigated system as the reduction of the gas density and the associated increase
in A, fp allowed the reflected neutrals to reach the substrate surface with high energies
creating a significant contribution to the energy flux.

e Returning to conventional DCMS, [publication [VI]| offers a detailed look at the ca-
pabilities of the PTP. Fifteen gas-target combinations were extensively studied and
different dominant contributions to the energy flux were found depending on the gas-
target combination. In the case of target materials with high a sputter yield (like
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Ag or Cu), film forming neutral particles dominate the energy flux. However, in the
case of uneven gas-target mass ratios reflected neutrals rise strongly in significance
and can become the main contribution to the integral energy flux, as was the case
for all investigations with He. In case of target materials with poor heat conductivity
like titanium, excessive target heating results in a major contribution by target heat
radiation. Those different driving mechanisms are also present in the deposited film
in terms of growth structure as investigated with SEM. Here, textbook like columnar
growth is observed for 'low power’ deposition processes and as the particles gain more
energy more dense and grain structured films were found.

Summarizing it can be concluded that the passive thermal probe is a versatile tool and
can be applied to a wide variety of different plasma processes. Even fast processes with
short pulses (e.g. PIII or HiPIMS) can be investigated. The knowledge about the energy
flux provides deeper insights into the interaction between complex plasma processes and
the surrounding walls (i.e. the substrate). If energy flux measurements are paired with
Langmuir probe diagnostics and deposition rate measurements, a detailed picture of the
particle mechanisms during plasma processing can be obtained. That information is crucial
for controlling and optimizing industrial coating processes.

Following topics as well as mechanical challenges may be addressed in future investigations:
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e A sophisticated shutter system capable of fast switching, or a rotor shutter with the

right frequency in front of the PTP, which is triggered to the pulsed system (PIII, HiP-
IMS) might allow for time resolved calorimetric measurements. Using this technique,
the PTP would still measure over several pulses to detect a sufficient temperature rise
but always during the same time in the pulse. For example if the pulse is set to last 15
pus and the shutter opens after a delay of 5 us for an additional 5 us, the PTP records
only bits of pulses that occur in its middle. The result is an integration of all those
same time points during the pulses. A delay generator would also enable to consider a
time of flight of the particles generated at the source to the probe, depending on the
distance.

The studies with the PTP during sputtering of an oxide layer or nitriding a metallic
surface in a PIII system (publication [II]) would be more comparable if argon was used
in both cases. The substrates need to be nitrided beforehand and then sputtered with
argon until they exhibit a metallic surface. This would also enable a quick surface
observation after the surface preparation to make sure the surface is truly covered
with a nitride (which was not entirely clear in the investigations), which should also
be done after preparing the oxide layer in the furnace. Additionally, it would also
be interesting to create an oxide layer with additional oxygen gas admixture during
pulsing with intermittent PTP measurements, as is done with nitrogen.

Time resolved Langmuir measurements in HiPIMS should be done using the same
setup as in publication [III]. Obtaining the plasma parameters during the pulses would
allow for a real comparison between the mechanisms present in DCMS and HiPIMS.
Energy flux contributions should be calculated according to publication [VI].
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e Unfortunately, no further experiments using the acquired high-speed camera during
PIIT were performed. To gain insights into the processes, especially the ion movement
during the pulse, small levitating dust particles should be used as visual probes. When
illuminated by a laser and observed by the camera, the ion drag during acceleration
onto the substrate surface might create a dust particle movement detectable with the
camera.
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