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Abstract
The plasma dynamics of high power impulse magnetron sputtering (HiPIMS) discharges
with a tungsten and zirconium targets are studied by applying the ionization region model
(IRM). The IRM effectively captures the temporal variations of the species densities as well
as the electron energy, providing insights into key discharge parameters such as ionization and
back-attraction probabilities and the working gas rarefaction processes. When operating with
tungsten target the discharge current at the cathode target surface is composed of both argon
and tungsten ions and the argon ions precede the tungsten ions. The investigations reveal that
for tungsten target, an initial peak in the discharge current waveform is primarily due to argon
ion bombardment, transitioning to dominance by tungsten ions as the discharge progresses.
The model illustrates how tungsten ions increasingly contribute to the discharge current at
higher cathode voltages, effectively leading to higher discharge current densities, highlighting
increase in the ionization probability and decrease in the back-attraction probability correlating
with voltage increases. The ionized flux fraction Fflux is estimated to be in the range from 7
% for peak current density of 0.33 A/cm2, and increase to 34 % at 0.73 A/cm2, increasing
with increased discharge voltage. In case of zirconium target, roughly 2/3 of the discharge
current at the cathode target surface is carried by Ar+ ions while only about 1/3 is carried by
Zr+ ions. For discharges with zirconium target, the study presents experimental validations
where the ionized flux fraction varies significantly, ranging from 25% to 59%, increasing
with higher peak discharge current density. Using the IRM, the substantial contribution of
electron impact ionization in promoting working gas rarefaction is observed, a critical factor
in these discharges, especially pronounced at lower pressures and higher discharge current
densities. Additionally, comparisons with experimental data using Thomson scattering and
optical emission spectrometry for discharges with tungsten target show that while the IRM
slightly underestimates electron density and overestimates the electron temperature, it reliably
predicts the overall trends of these parameters. Collectively, these findings underscore that the
ionization region model is very effective at predicting the complex behaviors seen in HiPIMS
discharges, and its predictions match well with what is observed in experiments. For HiPIMS
discharges with both tungsten and zirconium targets, there are significant contributions from
both argon ions and metal ions. This indicates that with both tungsten and zirconium targets
the discharges operate on combination of working gas and self-sputter recycling.





Ágrip
Kvik hegðun rafgass í háaflspúlsuðum segulspætum (HiPIMS) með þungsteins og sirkon
skotmörkum eru rannsökuð með því að beita jónunarsvæðislíkani (IRM). Jónunarsvæðis-
líkanið fangar vel breytingar í þéttleika agna með tíma, sem og orku rafeinda, sem gefur
okkur innsýn í helstu kennistærðir afhleðslunnar eins og líkur jónunnar og líkur á því að jónir
séu dregnar til baka að skotmarkinu, sem og fall í þéttleika vinnugassins. Niðurstöðurnar
sýna að fyrir þungsteinsskotmark, að upphafstoppurinn í afhleðslustraumnum er að mestu
borinn af argon jónum, og samsetning straumsins breytist síðan í það að þungteins jónir
verða ráðandi hleðsluberi síðar í púlsinum. Líkanniðurstöðurnar sýna hvernig þungsteinsjón-
irnar leggja meira til afhleðslustraumsins þegar spennan á bakskaut afhleðslunnar er aukin,
sem í raun eykur strauminn um afhleðsluna, og dregur fram hvernig jónunarlíkur aukast og
bakdráttarlíkum falla með hækkandi bakskautsspennu. Þegar skotmarkið er þungsteinn þá
samanstendur straumurinn um afhleðsluna af bæði argon- og þungsteinsjónum, og argon
jónirnar birtast á undan þungsteinsjónunum. Hlutfall jóna í flæði agna Fflux er metið vera á
bilinu 7 % fyrir hámarks straumþéttleika 0.33 A/cm2 og hækkar í 34 % við 0.73 A/cm2, og
þetta hlutfall eykst með aukinn bakskautsspennu. Fyrir sirkon skotmark, er um það bil 2/3
af straumnum um afhleðsluna við yfirborð skotmarksins borinn af Ar+ jónum á meðan um
1/3 er borinn af Zr+ jónum. Fyrir afhleðslur með sirkon skotmarki, sýnir rannsóknin, sem
er staðfest með tilraunum, að hlutfall jóna í flæðinu breytist all verulega, fer frá 25% upp
í 59%, hækkar með hækkandi hámarks straumþéttleika um afhleðsluna. Með því að beita
IRM, sést glögglega mikilvægt hlutverk jónunar argons með árekstri við rafeindir í því að
valda þrýstingslækkun vinnugassins, í þessum afhleðslum, einkum við lágan gasþrýsting og
háan straumþéttleika. Þessu til viðbótar, þá sést með samanburði við tilraunaniðurstöður, sem
fengnar voru með mælingu á Thomson dreifingu, og mælingu á ljósútgeislun, frá afhleðslum
með þungsteinsskotmark að þrátt fyrir að IRM gefi of lág gildi á rafeindaþéttleika og gefi
of há gildi fyrir rafeindahitastig, þá segir það fyrir um hegðan þessara stærða sem fall af
tíma. Þegar á allt er litið, þá sýna þessar niðurstöður að meðalrúmmálslíkanið er er mjög
notadrjúgt í að segja fyrir um þá flóknu hegðun sem finna má í HiPIMS afhleðslum, og að
þær forspár falla vel að því sem hefur sést í tilraunum. Fyrir HiPIMS afhleðslur, með bæði
þungsteins og sirkon skotmörk, er verulegt framlag til straums um afhleðslunnar frá bæði
argon og málmjónum. Þetta þýðir að bæði þungsteins og sirkon afhleðslur gera út á bæði
endurvinnslu jóna vinnugassins og jóna sjálf-spætunar.
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1 Introduction
Thin �lm deposition refers to the process of depositing layers of material onto a substrate.
Thin �lms and coatings, ranging from fractions of a nanometer to several micrometers thick,
are crucial components of many modern technologies. The intriguing part of thin �lms is the
interplay between the properties of the thin �lms and the substrate. Thin �lms are broadly used
to enhance material properties such as optical, electrical, magnetic, chemical, or mechanical
characteristics (Ohring, 2002). The deposition method in�uences the thin �lm properties and
the interplay between the thin �lm and the substrate.

Thin �lms hold great technological signi�cance, and there is a great deal of research and
development being conducted on synthesis methods. There are number of deposition methods
applied for this purpose. Broadly thin �lm deposition methods are categorized into chem-
ical vapor deposition (CVD) (Snyders et al., 2023) and physical vapor deposition (PVD)
(Gudmundsson et al., 2022) methods. In the CVD processes the initial source material is
gas-vapour and it is therefore a chemical process, while in the PVD processes the source
material is typically a solid (can also be liquid) and the atoms are released by physical means.
PVD methods can therefore be applied to deposit thin �lms of a wide range of materials onto
different substrates.

Physical vapor deposition methods, encompasses methods where material released from a
solid source condenses onto a substrate. One such technique is sputter deposition, a PVD
method employing ion bombardment to dislodge the material from a solid target for deposition.
The target, typically plate or disk-shaped, serves as the source of the �lm forming material.
The method involves bombarding the target material with particles from a plasma discharge
or a focused ion beam. The incoming particles dislodge target atoms into typically a vacuum
chamber, with a portion of the atoms depositing onto the substrate, thus contributing to thin
�lm growth. One such sputter based deposition technique is magnetron sputtering (Kelly and
Arnell, 2000; Gudmundsson, 2020). These are often driven by a direct current (dc) source
or a radio frequency (rf) sinusoidal generator. The dc magnetron sputtering discharge has
proven to be a highly successful and important PVD method that is widely used. However, it
has a drawback of low ionization of the sputtered species, as ionized �ux of the �lm forming
material is known to be bene�cial for the deposited �lm properties (Petrov et al., 2003). To
overcome this limitation and to further customize the �lm properties while retaining the
advantages of PVD methods, ionized PVD (IPVD) methods (Helmersson et al., 2006), such
as high power impulse magnetron sputtering (HiPIMS) (Gudmundsson et al., 2012), can
be employed. Then high power pulses are applied to the cathode target. IPVD can also be
achieved by adding a secondary discharge between the target and the substrate, often an
inductively coupled discharge (Rossnagel and Hopwood, 1994; Hopwood, 1998). In IPVD a
signi�cant proportion of the sputtered species is ionized as they travel from the target surface
to the substrate.

1



1.1 High power impulse magnetron sputtering

In the realm of material science and surface engineering, high power impulse magnetron
sputtering (HiPIMS) continues to stand out due to its ability to deposit thin �lms with superior
properties (Lundin and Sarakinos, 2012). Unlike dc magnetron sputtering, which applies
a constant voltage to the target (cathode), in HiPIMS, the voltage is applied to the target
(cathode) in pulses as the HiPIMS technique is based on pulsing the power to the cathode
target at low frequency while keeping the duty cycle short (Gudmundsson et al., 2012).
HiPIMS has been successfully developed for over two decades and has been demonstrated to
show increased the level of ionization of the sputtered species compared to dcMS (Kouznetsov
et al., 1999; Fischer et al., 2023; Lundin et al., 2015; Hajihoseini et al., 2019). With HiPIMS,
it is possible to utilize signi�cantly higher peak power without altering the average power
output by shortening the duty cycle. Typically, the peak power exceeds the time-averaged
power by two orders of magnitude. The primary advantage of the HiPIMS process over
other existing PVD methods lies in its ability to generate a highly ionized �ux of the species
responsible for �lm formation toward the substrate (Bohlmark et al., 2006; Hajihoseini et al.,
2019). Applying short and intense power pulses to the magnetron target can result in electron
densities reaching up to 1019 m� 3 near the target (Gudmundsson et al., 2002; Bohlmark et al.,
2005). Consequently, this increases the likelihood of ionization for both the background or
working gas and, maybe of more importance, the sputtered neutral �ux. Pulsing at high peak
power density has been shown to result in an ionized density fraction at the substrate position
exceeding 90%, with variations depending on the target material and process parameters
(Bohlmark et al., 2005). A major drawback of the HiPIMS technique is that the deposition
rate is generally found to be lower than in a conventional dcMS discharge operated at the same
average power (Samuelsson et al., 2010). Much effort has been put into understanding the
cause of this decrease and to increase the ionization in HiPIMS and reduce the difference in
deposition rate compared to dcMS. This encapsulates the essence of the studies contribution
to both theoretical and practical aspects of magnetron sputtering technology, emphasizing the
ongoing need for model improvement and experimental veri�cation.

1.2 Ionization region model

Computational models have become increasingly important and serve as valuable tools
for studying processes that are challenging or time-consuming to measure and validate
experimentally (Minea et al., 2020). The model used in this study is the ionization region
model (IRM), which has been in continuous development for over a decade (Raadu et al., 2011;
Huo et al., 2017; Barynova et al., 2024) and has successfully led to signi�cantly improved
understanding of the operation and processes of pulsed magnetron sputtering discharges.

The ionization region model (IRM), is a time-dependent and volume-averaged plasma chemi-
cal model designed to simulate the ionization region within a HiPIMS discharge. The volume
surrounding the cathode target, where a static magnetic �eld con�nes the electrons and creates
a luminous plasma (Antunes et al., 2023), is known as the ionization region. The model is
limited to the ionization region, and it is capable of calculating the �uxes of particles that
enter and exit the region. With the model, it also becomes possible to track the temporal
evolution of each of the species that constitute the discharge. This includes monitoring both
neutrals and ions of the target material and the working gas, alongside the electron population
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within the discharge. The IRM can provide valuable information about the probability of
sputtered species being ionized, as well as the fraction of the �ux that is ionized, and the
probability that the ionized sputtered species return to the cathode target. The dependence of
these parameters on operating parameters such as working gas pressure, pulse length, peak
power density and the geometry of the system can help researchers to better understand the
behavior of ions within the plasma, and can be used to optimize the HiPIMS process for
various applications. In the past, the IRM has proven to be an effective tool for modeling
discharges with aluminium (Huo et al., 2017), titanium (Stancu et al., 2015; Gudmundsson
et al., 2015), graphite (Eliasson et al., 2021) and copper (Gudmundsson et al., 2022) targets.
Furthermore, the reactive HiPIMS discharge in Ar/O2 mixture with the titanium target has
been modeled (Gudmundsson et al., 2016; Lundin et al., 2017). In this work, we add zir-
conium (Paper III) (Suresh Babu et al., 2024) and tungsten (Papers I and II) (Suresh Babu
et al., 2022, 2023) to the elements investigated by the IRM. The IRM has been applied to
study working gas rarefaction in a discharge with aluminum target (Huo et al., 2012) and
with number of target materials ((Paper IV) (Barynova et al., 2024), and the mechanism for
energizing the electrons (Huo et al., 2013), the effect of shortening the pulse length (Rudolph
et al., 2020), and ion recycling (Gudmundsson et al., 2016; Brenning et al., 2017). The results
obtained from these models have been found to be in good agreement with the values obtained
from actual measurements (Rudolph et al., 2021; Stancu et al., 2015). This suggests that the
IRM is a reliable and accurate method for predicting the behavior of these materials under
real discharge conditions.

One focus of our modeling is on the physical mechanisms that we regard as most important
for determining the deposition rate in HiPIMS, namely the ionization degree of metal �ux
species, the reason for and extent of ion attraction back to the target, the factors that in�uence
the gas rarefaction, and how the externally controllable parameters in�uence the internal
physics of relevance for these mechanisms.

1.3 Outline

The structure of this thesis is organized as follows:

Chapter 1 introduces the fundamental concepts of thin �lm processing, high power im-
pulse magnetron sputtering (HiPIMS), and the ionization region model (IRM), providing a
comprehensive overview of the background and objectives of the study.

Chapter 2 delves into the speci�cs of magnetron sputtering discharge, detailing the physics
and operational principles behind sputtering processes, with a focus on HiPIMS as the chosen
deposition method.

Chapter 3 presents an in-depth exploration of the ionization region model (IRM), outlining
the necessary parameters to initiate the modeling such as initial discharge conditions, rate
coef�cients, adding new target materials, discharge geometries, as well as working gas
temperature and pressure.

Chapter 4 reports the results generated by the model, examining the behavior of plasma
species and comparing modeled predictions to experimental data to assess the accuracy of the
IRM in capturing the dynamics of the HiPIMS discharge.
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Chapter 5 provides a summary of the study, highlighting the key �ndings and discussing the
implications of the results.

Chapter 6 concludes the thesis, highlighting the primary contributions, limitations of the
current model, and potential directions for future research in the �eld of thin �lm deposition
using HiPIMS.
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2 The magnetron sputtering discharge
Sputtering is a physical vapor deposition (PVD) technique used to deposit thin �lms onto a
substrate (Ohring, 2002). Sputtering is the release of a target atom due to momentum exchange
between energetic species and atoms within the target. Speci�cally, magnetron sputtering is
recognized as one of the most successful approaches utilized for industrial PVD processes.
In the practice of magnetron sputtering, the process begins by igniting a plasma discharge
within a sputtering chamber, and the acceleration of ions from the plasma discharge towards
a solid target, which typically is in the form of a disk or a plate serving as the source of the
�lm-forming material. To induce the plasma discharge, the chamber is pumped to vacuum
and �lled with a working gas, which is most often a noble gas, to a speci�c pressure, after
which a negative voltage of typically several hundred volts is applied to the target (cathode)
across the cathode dark space or the cathode sheath. The applied voltage creates an electric
�eld that accelerates positive ions towards the target. The ion bombardment dislodges the
target atoms, and some are released from the target. Upon ion bombardment of the target,
secondary electrons are also emitted. These electrons are accelerated to high energy by the
cathode potential. Subsequently, some of these electrons are trapped by the magnetic �eld
of the magnetron assembly, where they excite and ionize the working gas, which usually is
argon.

The magnetic �eld is typically maintained by permanent magnets. For a circular disk shaped
targets two concentric magnets are placed behind the target, one center magnet and another
with opposite polarity along the outer circumference. If the inner and outer magnets are of
the same strength the magnetron assembly is said to be balanced. An important variation
in magnetron assembly designs is the unbalanced magnetron, which is distinguished by its
partially open magnetic �eld loops around the target. Unbalanced magnetron assembly is
achieved by inner and outer magnets of unequal strength. If the outer magnet is stronger than
the center magnet not all the �eld lines are closed on the target surface. This con�guration
allows some electrons to escape the magnetic con�nement near the target, facilitating plasma
formation further away from the target. This, in turn, enhances the ef�ciency of ion transport
to the substrate (Lundin, 2010; Window and Savvides, 1986).

Within the plasma itself, distinct regions are de�ned based on the dominant physical phe-
nomena occurring in each. These regions include the anode plasma, the bulk plasma, the
ionization region, and the cathode sheath, as displayed in Figure 2.1. The sheath (SH) is
de�ned by a large charge imbalance, where the density of positive ions is at least twice that of
the electron density. The ionization region (IR) is where the majority of the ionization occurs.
In the bulk plasma (BP), also referred to as the diffusion region (DR), the primary process
involves the transport of species from the IR across the magnetic �eld lines towards the anode
plasma (AP). Finally, in the anode plasma, the electric circuit is closed by the electron �ux
reaching the anode (substrate or chamber walls) (Huo et al., 2017; Brenning et al., 2008). The
ionization region is the region of interest in this current work and will be explored further
through to the computational modeling approach used.
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Figure 2.1. A schematic of the magnetron sputtering discharge, showing the sheath (SH), the
ionization region (IR), the bulk plasma (BP), and the anode plasma (AP). Reprinted from Huo
et al. (2013). ©IOP Publishing. Reproduced with permission. All rights reserved.

Magnetron sputtering typically employs direct current (dc), referred to as dcMS (direct
current magnetron sputtering). While dcMS is a cost-effective and straightforward method for
depositing metal �lms, it falls short in ionizing the sputtered species effectively. In a dcMS
discharge, the �lm-forming material predominantly consists of neutral species, and the few
ions that do bombard the substrate are typically ions of the working gas. Also, the ions that
bombard the cathode target are ions of the working gas. For many applications, achieving a
higher ionization in the �lm-forming material is highly desirable.

The timeline in Figure 2.2 highlights the signi�cant milestones in the development of sput-
tering technology, which eventually led to magnetron sputtering. This �gure illustrate the
evolution of magnetron sputtering technology from its inception in the mid-19th century to its
major advancements in the 20th century. Starting from basic sputter deposition, innovations
like cylindrical and planar magnetron sputtering, and the advanced HiPIMS technique have
played critical roles in making magnetron sputtering a key technology for thin �lm deposition
across scienti�c and industrial domains.

Figure 2.2. Timeline showing the evolution of the sputtering technology and magnetron
sputtering.
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2.1 High power impulse magnetron sputtering

High power impulse magnetron sputtering (HiPIMS) is an ionized physical vapor deposition
technique that builds upon the magnetron sputtering principles. The foremost reason for
employing the HiPIMS technique is that it permits turning a conventional magnetron sputtering
discharge into a source of ions of the sputtered material. HiPIMS became noticed by the
seminal work of Kouznetsov et al. (1999). This work followed development that had been
carried out at Moscow State Engineering and Physics Institute (MEPhI) (Mozgrin, 1994;
Mozgrin et al., 1995; Fetisov et al., 1999), and the High Current Electronics Institute in Tomsk
(Bugaev et al., 1996, 2001) in the 1990s.

The key to achieve IPVD is high electron density and short ionization mean free path for
the sputtered species. The principle of the HiPIMS technique is to focus the applied power
into highly energetic pulses to create a high-density plasma. In a standard dcMS setup, a
constant voltage is applied to the cathode (target) to initiate and sustain the plasma discharge,
while in HiPIMS, the voltage is delivered in pulses, which enables the application of larger
voltage, often in excess of several hundred volts, which then results in achieving higher
peak discharge current densities (Gudmundsson, 2020). For instance, while direct current
magnetron sputtering (dcMS) is typically operated in the discharge current density range 4 –
60 mA/cm2 (Waits, 1978), high power impulse magnetron sputtering (HiPIMS) can reach a
peak discharge current density of upto 1 – 10 A/cm2, all while maintaining the same average
power at the cathode (target) (Lundin, 2010). The average power supplied to the magnetron
sputtering discharge is however limited by the target cooling. To put the thermal load of the
target under control, HiPIMS has to be operated at low frequency (10 – 5000 Hz) and low
duty cycle (less than 2 %) (Gudmundsson et al., 2012). When a short and intense power pulse
is applied to the magnetron target, it can result in high electron densities of up to 1019 m� 3 in
the vicinity of the target (Bohlmark et al., 2005; Gudmundsson et al., 2009), i.e. 2 – 4 orders
of magnitude higher densities than for dcMS. Such plasma densities reduce the mean free
path for ionization of the sputtered species to a distance to less than a cm, i.e. the dimensions
of the intense plasma close to the target, while the corresponding �gure for dcMS can be
several tens of cm (Gudmundsson, 2010). As a result, the probability of ionization of both the
background gas and the sputtered neutral �ux increases, leading to ionized density levels of
over 90% at the substrate.

2.2 Advantages and drawbacks of HiPIMS

The primary advantage of the HiPIMS technique lies in its ability to convert existing mag-
netron sputtering systems into ionized magnetron sputtering with minimal modi�cations.

The HiPIMS technique harnesses the power of highly energetic pulses to create a high-density
plasma, leading to a signi�cant ion �ux towards the substrate. This high ion �ux directed
toward the substrate promotes adatom surface diffusion processes during �lm growth (Alami
et al., 2009) and may lead to renucleation (Ehiasarian et al., 2004) and knock-on effects. As a
result, HiPIMS deposited �lms become a notably dense and exhibit smooth surface (Sarakinos
et al., 2010). Moreover, research indicates that the utilization of HiPIMS, as opposed to dcMS,
results in a �lm mass density increase ranging from 6 – 30% for various target materials
(Alami et al., 2009; DeKoven et al., 2003; Konstantinidis et al., 2007; Samuelsson et al., 2010).
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Figure 2.3. A schematic of the HiPIMS set up. A dc power supply feeds a pulser unit, that
delivers high power pulses to the cathode target.

The HiPIMS process allows for the customization of thin �lm properties, including improved
crystallinity (Alami et al., 2005), the achievement of low surface roughness (Sarakinos et al.,
2010; Magnus et al., 2011), enhanced substrate adhesion (Ehiasarian et al., 2007), lower
electrical resistivity (Magnus et al., 2012; Cemin et al., 2016), and increased �lm hardness
(Paulitsch et al., 2010).

The primary drawback of the HiPIMS technique is its signi�cantly lower deposition rate
compared to dcMS when operated at the same average power (Helmersson et al., 2006; Saraki-
nos et al., 2010). Typically, HiPIMS achieves only 15 – 40 % of the deposition ef�ciencies
measured in (Åmin� 1/Wcm� 2) that dcMS does (Helmersson et al., 2006; Samuelsson et al.,
2010). Moreover, deposition rates in HiPIMS are generally expected to be between 30 – 80 %
of those achieved by conventional magnetron sputtering under equivalent power conditions. A
major factor contributing to this reduced ef�ciency and the decrease in deposition rate is the
ion back-attraction, where sputtered atoms are ionized near the cathode target and are drawn
back to the cathode (Christie, 2005), thus not contributing to the �lm growth. This occurs due
to the magnetic �eld con�nement and the extended cathode potential drop. This phenomenon
often results in a lower self-sputtering yield—where the target material is bombarded by ions
of the same element—compared to the yield achieved with argon ion sputtering. Other causes
have been suggested like the non-linear energy dependence of the sputter yields (Emmerlich
et al., 2008).

In such scenarios, unless a sputtered atom ionized within this plasma potential gradient has
suf�cient kinetic energy to overcome it and reach the substrate, it will be drawn back to the
target, leading to self-sputtering and further loss of material available for deposition. This
effect of self-sputtering in HiPIMS, when compared to the dominant argon ion sputtering in
conventional methods, highlights the signi�cant impact of this mechanism on the deposition
process.
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2.3 History of modeling HiPIMS

An overview on modeling of the pulsed magnetron sputtering discharge was given by Minea
et al. (2020). Various modeling approaches have been taken to study the magnetron sputtering
discharge and in particular the HiPIMS discharge.

Among the �rst numerical models developed was the Monte Carlo simulations, by Metropolis
and Ulam (1949) and Metropolis et al. (1953). This approach has been widely used to track a
large set of test particles, simulating their interactions within the plasma discharge to deter-
mine the electron energy distribution function (EEDF) and other discharge properties when
combined with particle-in-cell simulations. An example of using Monte Carlo simulations
to explore the magnetron sputtering discharge is the work of Sheridan et al. (1990) which
explored how electron con�nement allows magnetron sputtering discharges to operate at
lower working gas pressures than similar unmagnetized discharges.

The fundamental concept of particle-in-cell Monte Carlo collision (PIC/MCC) simulations
(Birdsall, 1991) is to use hundreds of thousands of computer-simulated particles (superpar-
ticles or macroparticles) to represent a much larger number of real particles, with densities
typically ranging from1014 to 1018 m� 3. The approach of this method helps to overcome
some limitations of the Monte Carlo method, but they face challenges in modeling the HiPIMS
discharge due to the high electron density and the high densities of target material atoms
and ions. The detailed spatial and temporal resolution required for HiPIMS makes these
simulations unsolvable in a reasonable timeframe. However, there have been a number of
attempts to utilize PIC/MCC simulations to study the HiPIMS discharge (Minea et al., 2014;
Revel et al., 2018).

The Direct Simulation Monte Carlo (DSMC) method, based on the Monte Carlo approach, is
used to simulate interactions between target material species and neutral gas atoms, such as
in rare�ed gas �ows (Bird, 1994). While DSMC is slower and more complex to implement
compared to the Monte Carlo Collision (MCC) approach, it provides accurate results when
suf�cient macroparticles are used in each computational cell, with time steps constrained
by particle velocity and grid size. Often the DSMC method is applied only on the neutral
species (Kadlec, 2007; Kozák and Lazar, 2018). However, recent efforts to model the HiPIMS
discharge have included the transport of ions as well (Kozák, 2023).

Christie's (Christie, 2005) material pathway model was developed to explain the observed
decrease in deposition rates compared to conventional dc magnetron sputtering (dcMS).
This method was subsequently extended by Vl�cek and Burcalová (2010), who incorporated
ionization within the plasma bulk (DR) and an energy balance equation for the secondary
electrons to determine the probability of ions returning to the target. The material pathway
model exclusively concentrates on the trajectories of atoms sputtered from the target.

The ionization region model (IRM), a time-dependent global model, stands out as the most
validated tool for studying plasma dynamics during high power impulse magnetron sputtering
(HiPIMS) pulses and their afterglow phases. Originally described by Raadu et al. (2011),
the IRM has undergone signi�cant enhancements over the past decade. Concurrently, IRM
was applied to a discharge operated with argon as the working gas and Al target to study
gas rarefaction Raadu et al. (2011), re�ll processes (Huo et al., 2012), to explain the reason
behind loss in deposition rate (Brenning et al., 2012), the electron heating mechanism (Huo
et al., 2013) and the onset of self-sputtering (Huo et al., 2014).
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Meanwhile, another ionization region model was developed by Kozák and Pajdarová (2011)
for HiPIMS discharges based on a well-established method of dividing the plasma volume
according to the typical spatial structure of magnetron discharges. The model introduces
several key features like the inclusion of fast (secondary) electrons and fast sputtered target
material atoms, the addition of a calculated potential drop near the target, and a self-consistent
calculation of the target current, plasma species densities, and deposition characteristics.
While the model simpli�es the spatial details of the discharge, it retains all the essential
processes, enabling it to provide qualitatively accurate time evolutions of the discharge
characteristics.

The detailed kinetics of argon metastable species was implemented to the IRM with titanium
targets by Stancu et al. (2015) and has been compared with the experimental results. This
was succeeded by a study of metastable argon atoms and how stepwise ionization impacts the
HiPIMS discharges, as outlined by Gudmundsson et al. (2015). The IRM has been adapted to
also handle reactive Ar/O2 discharges using titanium target by adding reaction set and surface
processes for oxygen (Gudmundsson et al., 2016; Lundin et al., 2017). More modi�cations
concerning the treatment of the afterglow (Rudolph et al., 2020) and updated reaction rates
(Rudolph et al., 2021) have been made, as well as a modi�cation to the term that describes
the kick-out by the sputtered species and contributes to working gas rarefaction as discussed
by Barynova et al. (2024). This last modi�cation was needed to analyze and compare the
contributions from electron impact ionization and kick-out by sputtered species and fast argon
atoms to working gas rarefaction. This part discusses only the evolution and features of IRM,
while the detailed implementation and associated code will be addressed in Chapter 3.

The IRM has proven to be an effective tool for modeling discharges with aluminium (Huo
et al., 2017), titanium (Stancu et al., 2015; Gudmundsson et al., 2015), graphite (Eliasson
et al., 2021) and copper (Gudmundsson et al., 2022), tungsten (Suresh Babu et al., 2022, 2023)
and zirconium (Suresh Babu et al., 2024) targets.

Earlier an ionization region model was developed for a reactive HiPIMS discharge and applied
to study a discharge with tungsten target in argon-oxygen atmosphere, to better understand
the effects of key parameters, including voltage pulse length, oxygen partial pressure and
pulse-averaged target power density on the discharge operation (Rezek et al., 2021). Similar
to the ionization region model, this model utilizes inputs such as the experimental geometry,
current and voltage waveforms, argon and oxygen �ow rates or partial pressures, ion return
probabilities, and material parameters including densities, sticking coef�cients, sputtering
yields, and implantation pro�les. This model's main features are that it tracks the ionization
of sputtered atoms and oxygen dissociation in the plasma, based on electron density and
temperature. It accounts for oxygen dissociation and varying sticking coef�cients for atoms
and molecules. The model includes oxygen chemisorption on the target and its implantation
into the target. Furthermore, it considers the return and implantation of ionized sputtered
atoms onto the target surface and the subsurface layers of the target.

In a recent study Vavassori et al. (2023) explored a HiPIMS discharge with tungsten target
through a combination of modeling and experiments to investigate the plasma behavior under
varying magnetic �eld conditions (40 mT and 60 mT at the target surface). The �ndings
revealed that an increase in magnetic �eld strength enhanced the degree of self-sputtering
recycling. This stronger recycling effect with a higher magnetic �eld led to higher sputtered
ion fraction in the plasma discharge, making these ions more likely to be attracted back to the
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target.

2.4 Tungsten and zirconium

Tungsten (W) is a refractory metal, commonly found in the A2 bcc structure. It has the highest
melting point among elemental metals (3695 K) and the lowest thermal expansion coef�cient
(4.5 × 10� 6 K� 1), along with low electrical resistivity. Tungsten's ability to withstand
extreme temperatures makes it a prime candidate for high-temperature environments, such as
thermonuclear fusion reactors. It is a leading material for divertor targets in these reactors
due to its thermal shock resistance and low vapor pressure. Its machinability and resistance to
sputtering by hydrogen and helium ions further highlight its suitability for harsh conditions.
In microelectronics, tungsten is commonly used for metallization, serving as interconnects,
contact plugs, and diffusion barriers. These advantages make it an exceptional material for a
range of advanced coating applications.

Tungsten thin �lms deposited via dcMS and HiPIMS exhibit two phases: the equilibrium
a � W (A2 bcc) and the metastableb � W (A15 cubic). HiPIMS-deposited �lms have better
density, smaller grains, and stronger adhesion (Engwall et al., 2019; Roychowdhury et al.,
2020; Shimizu et al., 2021). They also feature enhanced properties such as smoother surfaces,
greater hardness, and higher Young's modulus (Engwall et al., 2019; Velicu et al., 2018, 2017).
In some cases, these improvements were ampli�ed by adding a toroidal-shaped permanent
magnet in front of the cathode target to generate an external magnetic �eld (Velicu et al.,
2017).

Zirconium (Zr) is a group-IV transition metal that typically forms a hexagonal close-packed
(hcp) structure (a -Zr) at room temperature and atmospheric pressure. At 1136 K, it undergoes
a martensitic transformation into a body-centered cubic (bcc) structure (b-Zr phase) (Schnell
and Albers, 2006). It boasts a high melting point, excellent thermal conductivity, low thermal
expansion, and strong mechanical properties. Additionally, zirconium has a low neutron
scattering cross-section and high solubility for oxygen and hydrogen, making it suitable for
use in the nuclear industry (Olander, 1976; Coleman, 2022).

Zirconium thin �lms with ana -Zr structure have been produced via dc magnetron sputtering
(Chakraborty et al., 2008; Pilloud et al., 2005; Fankhauser et al., 2016) asymmetric bipolar
pulsed magnetron sputtering (Singh et al., 2011, 2014) and HiPIMS (Luo et al., 2019; Kuo
et al., 2021). Notably, Fankhauser et al. (2016) used dc magnetron sputtering to deposit
epitaxial Zr thin �lms on Al2O3(0001). With HiPIMS at substrate temperatures ranging
from 300 to 873 K (Kuo et al., 2021), zirconium �lms are predominantly polycrystalline and
display a [0 0 0 1] texture, while crystallite size increases with higher substrate temperatures.
Kuo et al. (2021) found that adjusting the pulse width and substrate bias during HiPIMS
could produce �lms with a [1 0̄1 1] texture when longer pulse lengths and synchronized bias
are applied. The HiPIMS technique enhances the inherent qualities of zirconium, leading to
superior performance in demanding environments.
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3 The Ionization Region Model
The ionization region model (IRM) of a high power impulse magnetron sputtering discharge
is a time-dependent volume-averaged plasma chemistry model that provides the temporal
variation of the various species densities and the electron energy. It is a semi-empirical
model that requires experimentally determined discharge voltage and current waveforms,
the working gas pressure, the target material and its dimensions, and the dimensions of the
ionization region, as input.

Figure 3.1. A schematic showing the dimensions of the assumed ionization region. The
ionization region is de�ned as an annular cylinder of inner radius r1 and outer radius r2
resulting in racetrack width of wRT = r2 � r1 located above the racetrack, and extends from
z1 to z2 axially away from the target surface.

Figure 3.2. The magnetic �eld topology and the geometry of the ionization region. Reprinted
from Raadu et al. (2011)©IOP Publishing. Reproduced with permission. All rights reserved.
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The IRM, initially described by Raadu et al. (2011), has been under constant development for
the past 15 years. The IRM is derived from an attempt to model the HiPIMS discharge with
a time-dependent volume averaged global model that covered the entire discharge chamber
(Gudmundsson, 2006, 2008), which in turn was based on time-dependent global models of
the plasma chemistry of a high density low pressure pulsed inductively coupled discharge
(Ashida et al., 1995). The main features of the original IRM were summarized by Huo (2013)
and Huo et al. (2017). The IRM only covers the target and the ionization region, which is
de�ned as an annular cylinder of widthwRT = r2 � r1 positioned above the racetrack, and a
lengthL = z2 � z1, extending fromz1 to z2 axially away from the target surface, as shown in
Figure 3.1. Figure 3.2 shows the magnetic �eld topology and the geometry of the ionization
region. In the IRM, the temporal development of the heavy species densities (neutrals and
ions) and electron temperature is de�ned by a set of ordinary differential equations (Raadu
et al., 2011; Huo et al., 2017). In addition, the electron density is found by applying the
quasi-neutrality condition. The details of the IRM, including the reaction rates for the various
surface and volume processes that are taken into account, are summarized by Huo et al. (2017).
More recent modi�cations concerning the treatment of the afterglow (Rudolph et al., 2020)
and updated reaction rates (Rudolph et al., 2021) have been made, as well as a modi�cation
to the term that describes the kick-out by the sputtered species and contributes to working
gas rarefaction as discussed by Barynova et al. (2024). This last modi�cation was needed
to analyze and compare the contributions from electron impact ionization and kick-out to
working gas rarefaction.

In this current work, tungsten and zirconium are added to the reaction set of the IRM as
target materials. This chapter of the thesis examines the requirements for running the IRM,
the parameters involved and provides a detailed explanation of the formulas essential for
interpreting the outputs obtained from the model.

3.1 Particle Balance

Each heavy species in the plasma is governed by a particle balance equation. In our analysis,
we focus on the following species: For the working gas, argon, we account for its ground
state Ar, ion states, Ar+ and Ar2+ , and a metastable state, Arm. The two metastable states are
combined to give one effective metastable level. Additionally, we include warm argon atoms
ArW, which are ground state argon atoms that were embedded in the target and subsequently
released during operation. The warm population ArW, which is assumed to have an energy
similar to the thermal energy of the target surface, with about 0.1 eV (� 1000 K) (Anders
et al., 2012), is due to argon ions that penetrate the target surface, and then slowly diffuse
back as atoms. The hot argon atoms ArH population represents re�ected argon atoms at the
target (Yamamura and Ishida, 1995; Rudolph et al., 2018). They are assumed to have an
average energy of 2 eV (Raadu et al., 2011). For tungsten, we consider ground state tungsten
atoms W, and the tungsten ions W+ and W2+ and for zirconium we consider the ground state
zirconium atoms Zr, and the zirconium ions Zr+ and Zr2+ .

The particle balance is the main mechanism modeled by the IRM and is governed by the
general equation for each speciesX

dn(X)

dt
= å

i
R(X)

Generation;i � å
j

R(X)
Loss; j (1)
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The change of a species' particle density over time depends on the reaction ratesR(X)
Generation;i

andR(X)
Loss; j that describe all the generation and loss processes involving speciesX within the

IR (Huo et al., 2017; Huo, 2013).

Each volume reaction rate,Rj for a given reactionj is calculated as the product of the densities
of the reactants and the rate coef�cientk j of the reaction, wherenreactant;i is the density of the
i:th reactant andk j is the rate coef�cient of the reaction,

Rj = k j � Õ
i

nreactant;i : (2)

As an example, the particle balance for the metal ion M+ is written

dnM+
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= kc

iz;MnenM + kh
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Penning ionization
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ion �ux out of the ionization region

(3)

wherekc
iz;M andkh

iz;M are the rate coef�cients for electron impact ionization of the M atom by
cold and hot electrons, respectively,kP;iz is the rate coef�cient for Penning ionization,kc

iz;M+

andkh
iz;M+ are the rate coef�cients for electron impact ionization of the M+ ion by cold and

hot electrons, respectively, andkchexc;1 andkchexc;2 are rate coef�cients for charge exchange.
The last term of Eq. (3) describes the metal ion �ux out of the IR, towards the racetrack and
the bulk plasma (BP).

3.1.1 Sputtering

The rate at which neutrals are sputtered off the targetRn;sputt, is calculated as

Rn;sputt=
å i G

RT
i SRTYi(Ei)

VIR
(4)

From this relation we see that the rate of sputtered neutrals released from the target is a
function of the incoming �ux of ionsi to the target racetrackGRT

i , the surface area of the
racetrackSRT, the energy dependent sputter yield of the bombarding ionYi(Ei), and the total
volume of the IR,VIR.

3.1.2 Ion particle balance

The ion �ux for ion i towards the racetrack is calculated using

GRT
i = bini

r
qiVIR

mi
(5)

whereni is the density of ion speciesi, qi is the ion charge,V IR is the potential drop over the
IR, mi is the ion mass andbi is the back-attraction probability of ions. The parameterbi is an
important �tting parameter to the IRM.
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3.1.3 The kick out effect

In the early versions of the IRM, the gas rarefaction by the effect of the sputter wind was
implemented as an argon kick-out term by collisions with fast sputtered particles coming
from the target. For each of the neutrals Y of the working gas, including the metastable states,
the particle balance includes a loss term

Rn;kick-out =
1
2

vran;X

L
Fcoll

mX å i nX;i

mY å i nY;i
nY (6)

where X here stands for the species sputtered off the target and their ions, singly and doubly
ionized. The sum is taken over all the states of that sputtered species. A multiplication of
the �ux reductions by the mass ratiomX=mY accounts for the conservation of momentum.
Eq. (6) represents the kick-out term that was used when modeling the discharge with tungsten
targets (Suresh Babu et al., 2022, 2023) and in these studies only the sputtered tungsten atom
contributed to kick-out of argon atoms.

For the study of the working gas rarefaction (Paper IV) (Barynova et al., 2024), the kick-out
term was signi�cantly revised in the IRM code from our earlier studies (Raadu et al., 2011;
Huo et al., 2012, 2017). For the revised derivation of a kick-out term, we denote the kicking-
out species by an X, and those that are kicked-out by a Y. Here, X = {M, ArH}, where M stands
for the target atoms, and Y = {ArC, Ar(4s[3/2]2), Ar(4s'[1/2]0)}. In the model, we assume
that a collision of a species X with a species Y leads to the instantaneous loss of species Y
from the IR. This is acceptable if two conditions are met: (i) The momentum of species X is
always higher than the average momentum of the cold Ar species (species Y) at an assumed
working gas temperature of 500 K. The lightest target atom studied here, carbon, has the
massM = 12Mp, whereMp is the proton mass, and an ejection energyEejection= 1

2Ecohesive

= 3.7 eV (Eliasson et al., 2021). This yields a momentum of10� 22 kg m/s which is higher
than the momentum of an average argon species atTg = 500 K which is� 10� 23 kg m/s. We
therefore consider the �rst condition to be ful�lled. (ii) The length of a HiPIMS pulse is
longer than the typical loss time of species Y out of the IR after the collision. For example, a
collision in the middle of the IR with a typical heighth = 2 cm and a post-collision velocity of
v = 1000m/s, results in a loss of species Y withint = h=2v = 10 ms. The pulse lengths of the
HiPIMS discharges investigated in this study are longer by a factor of 4 to 20, which is why
the assumed instantaneous loss is an acceptable assumption. We neglect that this assumption
underestimates the momentary argon density. This approximation of instant loss of species
from the IR is therefore acceptable for the discharges studied in this work. Furthermore, for
collisions between ArH and ArC, we neglect the effect that head-on collisions would simply
result in the exhange of velocity vectors with no net change in the argon density in the IR.
Collisions under an angle result in both particles to be lost out of the IR. As collisions under
an angle are much more probable compared to head-on collisions, also this is an acceptable
assumption.

For each species X, we assume that there is a certain probability for these particles to collide
with particles of the species Y. This is given by

Fcoll;X! Y = 1� exp(� L=l X! Y); (7)

whereL is the height of the IR and the mean free pathl X! Y of a species X in a background
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gas composed of species Y is given by

l X! Y =
1

sX! YnY
: (8)

where the cross sectionssX! Y are the momentum transfer cross sections for each pair of X
and Y, andnY is the density of species Y.

Note thatFcoll;X! Y is the fraction of the momentum carried by the sputtered species that is
transferred to the kicked-out species Y. We can therefore link the sputter �uxGsputter(in m� 2

s� 1) to the kick-out �ux Gkickout out of the IR by

Rkickout;X! Y = Fcoll;X! YGsputter;X
SRT

VIR
= Gkickout

SDR

VIR
; (9)

whereSRT is the surface area of the IR facing the racetrack, andSDR is the surface area of the
IR facing the diffusion region (Raadu et al., 2011). The sputtered �ux is

Gsputter;X = å
i

GRT
i Yi(Ei) (10)

whereYi(Ei) is the sputter yield for an ion speciesi bombarding the target. Note that Eq. (9)
represents 6 equations, representing each pair (X,Y) of kicking-out species X and species
Y that are kicked-out. Also, note that this model assumes that there is at most one collision
between a sputtered species and a gas species. Based on the long mean free path of sputtered
species in the IR compared to the typical height of the IR (see above), this is an acceptable
assumption. This updated kick-out term is discussed in more detail by Barynova et al. (2024)
and was used when modeling the discharge with zirconium target (Suresh Babu et al., 2024).

3.1.4 Electron balance

The electron energy distribution function (EEDF) facilitates the calculation of rate coef�cients.
In modeling these dynamics, the ionization region model (IRM) categorizes electrons into
two distinct populations: the cold population eC and the hot population eH. The majority of
the electrons belong to the cold Maxwellian electron population, which therefore dictates the
electron density and the effective electron temperature. For cold electrons originating from
ionization processes within the plasma bulk, the typical energy range is assumed to be 1 to
7 eV, while for hot electrons, which are secondary electrons emitted from the cathode, the
energy spans from 200 to 1000 eV. This categorization helps in understanding the behavior
of electrons in the ionization region and the effects of their energy distribution on plasma
processes and to calculate rate coef�cients. The rate coef�cients are calculated assuming a
Maxwellian electron energy distribution function and �t in the rangeTe = 1� 7 eV for cold
electrons, and in the range 200 – 1000 eV for hot electrons. This assumption has been tested
against a Boltzmann solver, showing a good agreement (Rudolph et al., 2021)

Regarding the particle balance, the IR closely adheres to the quasineutrality approximation,
allowing the cold electron density to be accurately determined as

nec = å
i

Zin+ ;i � å
j

n� ; j � neh (11)

whereZi is the charge state of the positive ion,n+ i is the density of the positive ioni, n� i is
the density of the negative ioni, and where the density of the hot electrons is obtained from
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their effective electron temperatureTeh and their electron energy densitypeh is

neh =
peh

eTeh
: (12)

Note that for the discharges modeled in this work there are no negative ions.

3.2 Power Balance

The power balance equates the power absorbed by the plasma electrons to power losses from
various phenomena like elastic and inelastic collisions, de-excitation processes, and Penning
ionization.

Employing two distinct electron populations impacts the system in two ways. This approach
provides a more precise evaluation of cost of ionization based on electron energy. Introducing
two electron populations, affects the various parameters: the degree of metal ionization,
self-sputtering, and the cold electron temperature generally decrease, whereas gas rarefaction
and plasma density increase. These changes can be attributed to the reduced energy required
for ionization, enabled by the newly included hot electron population. Secondly, this model
allows for the quanti�cation of two primary electron heating mechanisms: the acceleration of
secondary electrons across the cathode sheath and Ohmic heating within the IR. The power
transferred to the electrons is characterized by

Pe = PSH+ POhm = Ie;SHVSH+ Ie;IRVIR (13)

wherePe is split up into sheath energizationPSH and Ohmic heatingPOhm in the ionization
region, which are composed of the split up electron currentIe;SH andIe;IR through the sheath
and the ionization region, and potential dropVSH andVIR over the sheath and the ionization
region, respectively, as show in Figure 2.1. The two split-up powers will serve for the
power balance equations respectively of the cold electron population and the hot electron
population. The split potential drops are function of time and function of the discharge voltage
VD measured experimentally. They are de�ned as

VD(t) = VIR(t) + VSH(t) = fVD(t) + ( 1� f )VD(t) (14)

wheref is the fraction of the discharge potential that falls over the IR and it is taken as a �tting
parameter in our model. Usually, around 90% of the voltage falls over the sheath (f � 0:1).
As for the secondary electron current in the sheath, it is obtained from the model-calculated
ion �uxes to the target:

Ie;SH(t) = eå
i

GRT
i SRTgsee;i(1� r) (15)

where we have introducedgsee;i, which is the secondary electron emission yield due to ion
bombardment, and the probability of the secondary electron successfully leaving the sheath,
r, or the electron recapture probability. The termGRT

i SRT gives the number of the ionsi
bombarding the target per unit time.

Ie;IR(t) =
�

Ie
ID

�
ID(t): (16)

andhIe=IDi is the volume average of the fraction of the discharge current in the IR carried by
electrons.
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3.2.1 Collisional energy loss

The collisional energy loss per electron-ion pair created is due to electron impact ionization,
excitation and elastic scattering against neutral atoms. The collisional energy loss per electron-
ion pair createdEc can be calculated using the ionization rate coef�cient of neutral ground
state species X,k(X)

iz , the excitation rate coef�cientsk(X)
ex;i ,

E (X)
c = E (X)

iz + å
i

E (X)
ex;i

k(X)
ex;i

k(X)
iz

+
k(X)

el

k(X)
iz

3me

m(X)
Te (17)

whereE (X)
iz is the ionization energy of species X,E (X)

ex;i is the excitation energy and the

rate coef�cient of thei:th excitation process of species X,k(X)
el is the elastic scattering

rate coef�cient of species X,me is the electron mass andm(X) is the mass of species X.
The collisional energy loss per electron–ion pair created,Ec, is shown in Figure 3.3 as a
function of the electron temperature for the ground state tungsten and argon atoms, calculated
assuming a Maxwellian electron energy distribution. We see that the collisional energy loss
per electron–ion pair created is higher for argon atoms than the metal atoms.

Figure 3.3. The collisional energy loss per electron–ion pair created,Ec, as a function of the
electron temperature for the ground state tungsten and argon atoms, calculated assuming a
Maxwellian electron energy distribution.

3.2.2 Modeled discharge current

Discharge current and voltage waveforms from a HiPIMS discharge and the geometry of
the target is all that is needed as input to the IRM. Then the model will scan the parameter
space de�ned by three parameters, (i) the back-attraction probability of ionsbt;pulse, (ii) the
fraction of the total discharge voltage falling over the IR,f , and (iii) the secondary electron
recapture probabilityr, in an attempt to recreate the input current as closely as possible. The
region within the (f , bt;pulse) parameter space that yields a good �t is relatively broad. To
further constrain the model, we use the measured ionized �ux fractionF�ux , when available
as suggested by Butler et al. (2018).

The IRM calculates the discharge current by the �uxes of charged particles just above the
racetrack. The current is calculated as

Icalc = eå
i

ZiGiSRT (1+ ( 1� r)gsee;i) (18)
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wheregsee;i is the secondary electron emission yield due to bombardment by ioni, SRT is the
area of the racetrack,Gi is the �ux of ion i and the sum is taken over all the positive ions.

3.2.3 Generalized recycling model

The generalized recycling model combines the processes of self-sputter (SS)-recycling and
working gas recycling in HiPIMS discharges (Brenning et al., 2017; Anders et al., 2012)
and can be used to explain the large discharge currents observed in HiPIMS operation. In
the generalized recycling model it is assumed that a primary current acts as a seed that is
ampli�ed by both the self-sputter recycling process and the working gas recycling process.
A primary currentIprim is de�ned as a current, which is composed entirely of the ions of the
noble working gas, here Ar+ ions, that have been ionized for the �rst time and then drawn to
the target (the contribution from secondary electrons, is neglected in the model) (Brenning
et al., 2017). This primary current is the dominating current in dc magnetron sputtering
discharge operation. However, there is a maximum steady state supply rate of argon atoms
from the surrounding gas reservoir (Huo et al., 2017). This current therefore has a critical
upper limit that can be estimated using

Icrit = SRTepg

s
1

2pmgkBTg
= SRTeng

s
kBTg

2pmg
; (19)

wherepg is the working gas pressure,Tg is the working gas temperature,ng is the working gas
density andSRT is the racetrack area. For a gas temperature of 300 K, this gives an estimate
of the maximum available discharge current due to working gas ions that are ionized for the
�rst time and drawn to the target given in practical units as

Icrit � 0:38pgSRT (20)

whereSRT is the racetrack area in cm2, andpg is the working gas pressure in Pa and here we
assumeSRT = 0:5� ST.

For discharge currentsID larger thanIcrit there has to be some kind of recycling of atoms that
leave the target, subsequently become ionized and then drawn back to the target (Brenning
et al., 2017). Depending on the type of ion drawn to the target, this results in either self-sputter
recycling or working gas-recycling.

The discharge current in a HiPIMS discharge is the sum of the primary current, and contribu-
tions from working gas recycling and self sputter recycling, which can be written (Brenning
et al., 2017)

ID � Iprim + Igas� recycle+ ISS: (21)

The discharge current can also be written as multiplication of the primary currentIprim that
then acts as a seed (Brenning et al., 2017), which in steady states gives

ID � Iprim

�
1+

pg

1� pg

� �
1+

Yg

YSS

pSS

1� pSS

�
(22)

where the working gas-sputtering parameter ispg = agbg;pulsexpulse and the self-sputter
parameter ispSS= a tbt;pulseYSS Here,xpulse= 1 is the fraction of the recombined Ar+ ions at
the target that is assumed to return during the pulse as hot argon atom, ArH or warm argon
atom, ArW.
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The above discussion and in particular Eq. (22) is derived assuming that the primary current is
at its critical upper limit, and that each subsequent cycle adds another contribution to the the
working gas and self-sputter recycling current and, assuming a large number of such recycling
loops, which allows the use of the in�nite sumå ¥

n= 1an = a=(1� a) where 0< a < 1.

To verify the validity of this assumption the ion loss time based on average quantities was
estimated. The complete sequence of events to reach equilibium involves developing both
a working gas recycling loop and a target species recycling loop. They come in a sequence
of two loops. The working gas recycling loop initiates with an event of argon ionization
and involves three steps (i) Ar+ ion acceleration to the target (i.e., back-attraction), (ii)
return to the IR either as a hot or a warm argon atom, and (iii) ionization. Similarly, the
self-sputter recycling loop starts with an event of metal atom ionization followed by (i) M+

ion acceleration to the target, (ii) sputtering that creates a metal atom that enters the IR, and
(iii) ionization of this atom. To estimate the time of step (i) we assume the average ion that
ends up at the target was produced in the middle of the IR, at a distance(z2 � z1)=2 from the
sheath edge, and that the potential difference from this position to the sheath edge isVIR=2.
The loss time in the IR for this average ion is under these assumptions (Huo et al., 2017)

tloss=
z2 � z1q

qiVIR
mi

: (23)

which for for Ar+ ion is tloss � 2 ms and for W+ ions the loss time istloss � 4 ms, usingz1
andz2 assumed in the IRM. A different estimate is based on lateral imaging of a HiPIMS
discharge by Anders et al. (2012). They assume the atoms to only travel about 1 – 3 mm away
from the target surface before they are ionized (Anders, 2012). Similar estimates have been
made by Held et al. (2023) in particular for titanium. This leads to estimates for the residence
time for Nb+ ions in the range 0.2 – 0.3ms. Scaling this with the square root of the ion mass
ratio yields 0.3 – 0.4ms for W+ ions. For steps (ii) and (iii) we separate the time into a transit
timettransand an ionization timetion. The transit time is the extent of the IR divided by the
typical speed in thez-direction. It is longer for warm than for hot Ar atoms. Here we use the
notationhttransi for a suitable average. The transit timehttransi is roughly 7.5ms and 40ms for
hot and warm argon atoms, respectively, and about 13ms for sputtered tungsten with energy
of 4.45 eV. The ionization time for an atom istion = 1=(ne � kioniz). The ionization time is
about 1.5 ms for argon and about 30ms for tungsten. A returning argon atom from the target
can either be ionized in transit through the IR, or pass through it and escape to the diffusion
region (DR) and therefore the effective time for steps (ii) and (iii) can be approximated as the
shorter of these: the time from target to ionizationtt;iz = min(httransi ; tion). The slower of the
loops, the self-sputter recycling loop, takes under 17ms to complete. Therefore, the use of
Eq. (22) is justi�ed.

3.3 Internal discharge parameters

The IRM provides information on two important internal discharge parameters. The target
material ionization probabilitya t describes the probability that a sputtered target neutral is
ionized within the IR. It is given by the fraction of the sputtered �ux that does not leave the
IR as neutrals

at = 1�
R

T GDR
tn dt

R
T Gsputdt

(24)
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whereGDR
tn is the target neutrals �ux out of the ionization region to the diffusion region and

Gsput is sputtered �ux.

Similarly, the target ion back-attraction probabilitybt, is given by the fraction of produced
ions that do not leave the ionization region to the diffusion region

bt = 1�

R
T GDR

ti dt
R

T Gsputdt �
R

T GDR
tn dt

: (25)

The sputter-rate-normalized deposition rateFsput and the ionized �ux fractionF�ux can then
be expressed as functions of the internal discharge parametersa t andbt

Fsput= ( 1� a t) +
�

xti

xtn

�
a t(1� bt) (26)

wherexti=xtn is evaluated at the position of the ion meter which is used to determineF�ux .
This expression reduces to a reduction in the deposition rate by a factor 1� atbt ,

Fsput= 1� a tbt =
GDR

G0
(27)

for the special case whenxti = xtn . This is the ratio of the �ux of sputtered species (ions and
neutrals) out of the ionization region (IR) towards the diffusion region (DR)GDR and the total
�ux of atoms sputtered from the targetG0 (atoms/s).

The ionized �ux fraction at the substrate becomes

F�ux =
�

1+
xtn

xti

1� at

at(1� bt)

� � 1

: (28)

The ionization probabilitya t and the back-attraction probabilitybt can be written as a function
of Fsput andF�ux

at = 1� Fsput(1� Ft;�ux ) (29)

and

bt =
FsputFt;�ux

�
1� xtn

xti

�
� Fsput+ 1

1� Fsput(1� Ft;�ux )
(30)

3.4 Updating the ionization region model for new target
materials in HiPIMS

To begin modeling of a discharge with new target element, the IRM must be updated with a
reaction set, energy dependent secondary electron emission yield, sputter yields, the geometry,
the pressure, the working gas, target species and discharge parameters speci�cally tailored
for an argon-tungsten and argon-zirconium HiPIMS discharge. The measured current and
voltage waveforms are then �t with three parameters to reproduce the measured discharge
current curve. The input parameters used for modeling HiPIMS discharges with tungsten and
zirconium target are listed in Table 3.3.
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Table 3.1. The input parameters used for modeling of a HiPIMS discharges with tungsten and
zirconium target.

Target Tungsten Tungsten Zirconium
Input (Suresh Babu et al., 2022) (Suresh Babu et al., 2023) (Suresh Babu et al., 2024)

Pressure (Pa) 1.0 1.6 0.5, 1
Target diameter (mm) 75 150 50
rc1, rc2, z1, z2 (mm) 8, 27, 2, 22 12, 57, 2, 33 6, 19, 2, 13
Pulse length (ms) 100 50, 100, 200 50, 100

3.4.1 Reaction rate

A sputtered target atom experiences many interactions on the way through the plasma dis-
charge. These interaction are implemented in the reactions that a target atom may take part in
are listed in Table 3.2. When entering the discharge target atom experiences electron impact
excitation and ionization, charge transfer, and Penning ionization.

The plasma-chemical reactions are described by two sets of rate coef�cients, one for the
cold and the other set for the hot electron population. The cold electrons are created by
ionization of argon and tungsten atoms, while the hot electrons are ion-induced secondary
electrons, emitted from the target surface, and consequently accelerated across the cathode
sheath Rudolph et al. (2021).

3.4.2 Secondary electron emission yield

When energetic electrons, ions, or neutrals strike a metallic surface, they can cause the emis-
sion of electrons, known as secondary electrons. The secondary electron emission coef�cient
gsee, quanti�es the average number of secondary electrons emitted for each bombarding
particle. This coef�cient varies based on the target material, its surface conditions, the type
of bombarding species, and their kinetic energy. In magnetron sputtering discharges, where
the cathode target is maintained at a high negative potential, these secondary electrons are
propelled away from the target surface, starting with an initial energy approximately equal to
the target's potential. For bombarding ions with low kinetic energy, the secondary electron
emission yield remains constant regardless of the particle's energy. Here, electron emission
results from the transfer of potential energy from the incoming ion or atom to an electron
within the target, as described in the studies by Abroyan et al. (1967) and Hagstrum (1954).

For the secondary electron emission yield due to bombardment by argon ions of a tungsten
target, we use the value of 0.094, which is taken from the measurements of Hagstrum (1956),
determined by averaging over all the values measured for ion bombarding energy in the range
up to 1000 eV. In this ion energy range the electron emission is due to potential emission which
appears to give roughly constant electron emission yield. For the tungsten ions bombarding
the tungsten target the secondary electron emission yield is essentially zero. We neglect
secondary electron emission due to bombardment of the target by W2+ ions.

For the secondary electron emission yield due to bombardment of a zirconium target by
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Table 3.2. The reactions and rate coef�cients used in the IRM for a discharge with argon as
the working gas and tungsten and zirconium cathode target, including both hot and cold
electrons. The rate coef�cients are calculated assuming a Maxwellian electron energy
distribution function and �t in the rangeTe = 1� 7 eV for cold electrons, and 200 – 1000 eV
for hot electrons. The rate coef�cients in the reaction set for argon are taken from earlier
works (Eliasson et al., 2021; Rudolph et al., 2021).

Reaction Threshold Rate coef�cient electrons Reference
[eV] [m3/s]

(R1) e + Ar(3p6) �! Ar+ + e + e 15.76 2:34� 10� 14 Te
0:59 e� 17:44=Te cold (Gudmundsson and Thorsteinsson, 2007)

8� 10� 14 Te
0:16 e� 27:53=Te

(R2) e + Ar(3p6) �! Ar(4s[3/2]2) + e 11.548 1:617� 10� 14T � 0:8238
e exp(� 14:1256=Te) cold (Alves, 2014)

1:1397� 10� 22T2
e � 1:8975� 10� 19Te + 8:7910� 10� 17 hot

(R3) e + Ar(3p6) �! Ar(4s'[1/2]0) + e 11.723 2:86� 10� 15T � 0:8572
e exp(� 14:6219=Te) cold (Alves, 2014)

1:8045� 10� 23T2
e � 2:9825� 10� 20Te + 1:357� 10� 17 hot

(R4) e + Ar(4s[3/2]2) �! Ar(3p6) + e 3:23� 10� 15T � 0:8238
e exp(� 2:578=Te) cold Detailed

(1:1397� 10� 22T2
e � 1:8975� 10� 19Te + 8:7910� 10� 17)=5 hot balancing

(R5) e + Ar(4s'[1/2]0) �! Ar(3p6) + e 2:86� 10� 15T � 0:8572
e exp(� 2:8989=Te) cold Detailed

1:8045� 10� 23T2
e � 2:9825� 10� 20Te + 1:357� 10� 17 hot balancing

(R6) e + Ar(4s'[1/2]0) �! Ar+ + 2e 4.21 1:14356� 10� 13T0:2548
e exp(� 4:4005=Te) cold (Dixon et al., 1973; Freund, 1987)

1:5213� 10� 19T2
e � 2:9599� 10� 16Te + 1:8155� 10� 13 hot

(R7) e + Ar(4s[3/2]2) �! Ar+ + 2e 4.21 1:14356� 10� 13T0:2548
e exp(� 4:4005=Te) cold (Dixon et al., 1973; Freund, 1987)

1:5213� 10� 19T2
e � 2:9599� 10� 16Te + 1:8155� 10� 13 hot

(R8) e + Ar+ �! Ar2+ + 2e 27.63 8:6365� 10� 15T0:6746
e exp(� 24:3019=Te) cold (Müller et al., 1980)

5:22� 10� 14 � 4:943� 10� 17Te hot 1

(R9) e + Ar�! Ar2+ + 3e - cold (Stephan et al., 1980)
6:169� 10� 15 � 1:6316� 10� 17Te hot 2

(R10) e + W ! W+ + e 7.864 6:3966� 10� 14T0:4839
e exp(� 8:221=Te) cold (Deutsch et al., 2001)

4:2507� 10� 10T � 1:1791
e exp(� 256:38=Te) hot

(R11) e + W+ ! W2+ + e 16.35 1:446� 10� 14T0:7143
e exp(� 14:5193=Te) cold (Montague and Harrison, 1984)

4:673� 10� 10T � 1:3047
e exp(� 273:55=Te) hot

(R12) Ar+ + W ! Ar + W+ 2� 10� 16 (Rae and Tobin, 1988)
(R13) Ar(4s'[1/2]0) + W ! Ar + W+ + e 5:3� 10� 15 see text
(R14) Ar(4s[3/2]2) + W ! Ar + W+ + e 5:3� 10� 15 see text
(R15) e + Zr ! Zr+ + e 6.63 1:69� 10� 13T0:171

e exp(� 7:825=Te) cold (Deutsch et al., 2008)
3:04� 10� 13 � 2:18� 10� 16 � Te hot

(R16) e + Zr+ ! Zr2+ + e 13.13 3:06� 10� 14T0:042
e exp(� 14:39=Te) cold

3:09� 10� 14 � 2:21� 10� 17 � Te hot
(R17) Ar+ + Zr ! Ar + Zr+ 2� 10� 16 (Rae and Tobin, 1988)
(R18) Ar(4s'[1/2]0) + Zr ! Ar + Zr+ + e 5:3� 10� 15

(R19) Ar(4s[3/2]2) + Zr ! Ar + Zr+ + e 5:3� 10� 15

argon ions, we use the �t given for clean metals developed by Phelps and Petrović (1999).
For the zirconium ions bombarding the zirconium target the secondary electron emission
yield is essentially zero. Furthermore, we neglect secondary electron emission due to the
bombardment of the target by Zr2+ ions.

3.4.3 Sputter yield

The ef�ciency of the sputtering process is characterized by the sputter yield, denoted as
Yi(Ei). This yield represents the average number of atoms ejected from the target surface
per incident ion. Sputter yield varies based on several factors including the energy and mass
of the bombarding ion, the mass of the target atom, the angle at which the ion strikes the
surface, and the surface binding energy of the target. The target atoms enter the discharge in
one of two ways, either they get sputtered off the target by a bombarding target ion, or by a
bombarding argon ion. As suggested by (Anders, 2010), the sputter yield for each ioni are
approximated by the general form

Yi = aEb
i (31)

whereEi is the energy of the incoming ion anda andb are constants that depend on the ion
target pair.
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Matsunami et al. (1983) and Yamamura and Tawara (1996) provided multiple empirical
formulas that describe the sputter yield in relation to the energy of ion bombardment, alongside
data for different combinations of bombarding ions and target materials. These, empirical
equations for sputter yields at normal incidence have been implemented in the TU Wien
Sputter Yield Calculator (Schmid, 2024), which was used to estimate the sputter yield for
argon ions bombarding the zirconium target as well as for self sputtering of zirconium. The
�t to the calculated yield givesa = 0:003538andb = 0:7936for Ar+ sputtering of zirconium
and for self-sputtering of zirconiuma = 0:001896 andb = 0:9316.

To calculate the sputter yield for a given impacting species on a given target, as a function
of the energy of the incident particle, can also be calculated using computer codes such as
TRIM (transport of ions in matter) (Biersack and Haggmark, 1980), SRIM (stopping and
range of ions in matter) (Ziegler et al., 2008, 2010), and TRIDYN (A TRIM simulation code
including dynamic composition changes) (Möller and Eckstein, 1984; Möller et al., 1988)
are commonly used. For argon ions bombarding tungstena = 0:0429andb = 0:521, and for
self-sputter of tungstena = 0:0066andb = 0:770(Anders, 2010) derived from �ts to the
sputter yields calculated using the TRIM (TRansport of Ions in Matter) code (Biersack and
Haggmark, 1980).

3.4.4 Parameters to lock the model

There are three �tting parameters essential to lock the IRM model. The main ones are: (i) the
potential drop across the ionization region IR,VIR, and (ii) the probability of back attraction
of ions to the targetbt;pulse. These parameters are adjusted so that the current to the target
calculated in the model best reproduces an experimentally determined discharge current.
potential drop across the IR,VIR. The third �tting parameter is (iii) the electron recapture
probability r. For a metal target the electron recapture probabilityr, can be varied in the
range0:25 � r � 0:9 without in�uencing the model output much. For the tungsten case
here (Suresh Babu et al., 2022) , the electron recapture probabilityr has been set tor = 0:5
(Thornton, 1978). For the cases presented in zirconium (Suresh Babu et al., 2024), we assume
r = 0:7, since it has been suggested by Buyle et al. (2004), based on a Monte Carlo model
calculations, that the electron recapture probability is typically between 65% and 75% for a
planar magnetron sputtering discharge. Note that for a metal target, the value of the electron
recapture probabilityr does not in�uence the model results signi�cantly.

Table 3.3. The �tting parameters to lock the model.

Fitting parameter Explanation

VIR The potential drop across the ionization region IR.
bt;pulse The probability of back attraction of ions to the target.
r The electron recapture probability.
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4 Results from the model
The IRM was applied to study HiPIMS discharges operated with tungsten and zirconium
targets. As mentioned earlier, IRM is a semi-emperical model and needs input from measured
discharge voltage and current waveforms. Here, we study the temporal evolution of the particle
densities in the investigated discharges. We also explore the internal discharge parameters
and how they depend on the peak discharge current density and working gas pressure and
make comparison with HiPIMS discharges with other target materials.

4.1 Experimental apparatus and method

4.1.1 Tungsten

The discharge voltage and current waveforms for a HiPIMS discharge employing a tungsten
target in an argon environment were analyzed using the IRM. The discharge voltage and
current waveforms for the HiPIMS discharges, were taken from two experimental campaigns.
The �rst set of measurements were taken from a setup based around a planar circular un-
balanced magnetron assembly, featuring a tungsten disk (99.999% pure) with a diameter of
75 mm and a thickness of 5 mm, serving as the cathode target. The argon working gas, of
purity of 99.997%, was regulated at a constant �ow rate of 100 sccm and a steady pressure of
1.0 Pa by adjusting the pumping speed through the main gate valve. The system employed
unipolar HiPIMS pulses with a pulse length of 100ms, delivered by a HiPSTER 1 pulsing unit
powered by a 1 kW HiPSTER 1 – DCPSU DC power supply from Ionautics AB, Sweden, as
detailed by Shimizu et al. (2021). The measurements were performed at Tokyo Metropolitan
University, Tokyo, Japan. Our study extends Shimizu et al.'s initial �ndings by investigating
four different HiPIMS discharges, where the discharge voltage was varied in the range —
500 V, 600 V, 700 V, and 800 V. The pulse repetition frequency was varied to maintain �xed
average power across all cases. For each discharge voltage and current waveform pair the
deposition rate was determined, while the ionized �ux fraction was not measured. The model
study of these discharges is discussed in Paper I (Suresh Babu et al., 2022).

The second set of experiments was conducted at the University of Liverpool, Liverpool,
United Kingdom and the details of the experimental setup are given by Ryan et al. (2019) and
Ryan (2019). The experiments took place in a custom-designed cylindrical vacuum chamber
constructed from stainless steel, measuring 500 mm in height and 450 mm in diameter. The
discharge process utilized a SINEX 3 pulser unit (Chem�lt Ionsputtering A.B., Sweden)
for driving the discharge. A tungsten target with a diameter of 150 mm was installed on a
VTech 150 series unbalanced magnetron assembly (Gencoa Ltd, United Kingdom). Argon
gas, maintained at a pressure of 1.6 Pa, served as the working gas for the experiments. The
pulses had durations of 50ms, 100ms, and 200ms, with a consistent repetition frequency of
50 Hz across all three scenarios. An average discharge powerhPDi of 400 W was sustained
for each case. The discharge voltage and current waveforms for these settings are depicted
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in Figure 4.1. Note that both the discharge voltage and the discharge current vary with time
as the SINEX 3 pulser unit has a smaller storage capacitor compared to more modern pulser
units (Hubi�cka et al., 2020; Gudmundsson et al., 2022).

Figure 4.1. (a) The temporal evolution of the discharge (a) voltage VD(t) and (b) current
ID(t). The argon working gas pressure was 1.6 Pa and the target was made of tungsten 150
mm in diameter.

Thomson scattering measurements were applied on the discharges to determine the temporal
variation of the electron temperature and electron density. Also, time-resolved optical emission
spectrometry (OES) measurements were performed in the magnetic trap regionr = 41mm,
z= 10mm) by Ryan (2019) to provide information on the species composition in the discharge.
This involved measuring the temporal variation in the intensity of selected line emissions.
The modeling of these three discharges and comparisson with experimentally determined
discharge parameters are discussed in Paper II (Suresh Babu et al., 2023).

4.1.2 Zirconium

For a discharge with a zirconium target the setup utilized a 2-inch zirconium disk af�xed to
an unbalanced magnetron assembly. The base pressure was kept below 2� 10� 4 Pa using a
turbomolecular pump supported by a roughing pump. The working gas pressure of either 0.5
or 1 Pa was achieved by controlling the argon gas �ow. Voltage pulses were applied to the
cathode target using a DC power supply in conjunction with a HiPSTER 6 pulsing unit from
Ionautics AB, Sweden. These measurements were made at Linköping University, Linköping,
Sweden.

The peak discharge current was held constant while the average discharge power, represented
ashPDi , was maintained at 60 W by adjusting the repetition frequency. Pulse durations were
consistently set to either 50ms or 100ms. For comparative purposes, measurements were also
conducted under similar conditions using a DC magnetron sputtering (dcMS) system, with a
discharge voltage ofVD;dcMS = 255 V at the same pressures and average power.

Flux parameters were assessed using an ion meter equipped with magnetic shielding, a
grounded casing, and a quartz crystal micro-balance (QCM) sensor which can be biased to
achieve charge selectivity. The ion meter is capable of measuring deposition rates from both
ions and neutrals or exclusively from neutrals by adjusting the voltage on the biased top
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electrode of the QCM. The design and operational principles of the ion meter, also known as
a gridless QCM or m-QCM, are extensively detailed in other sources (Hubi�cka et al., 2013;
Kubart et al., 2014) . During the experiments, the ion meter was positioned at heights of
3, 4, 6, 8, and 10 cm above the racetrack region, oriented towards it. The modeling of the
discharges with zirconium target are discussed in Paper III (Suresh Babu et al., 2024).

4.2 Fitting with IRM

The Ionization Region Model (IRM) is designed to simulate HiPIMS discharges by utilizing
discharge current and voltage waveforms as input parameters to analyze plasma behavior and
ionization dynamics. This model methodically explores a parameter space encompassing
three critical variables: the ionized �ux fraction (F�ux ) (when available), the back-attraction
probability of ions of the sputtered species during the pulse (bt;pulse), the potential drop across
the IR, (VIR), as detailed in Eq. (14), and the electron recapture probability (r). The IRM's
objective is to accurately replicate the input current waveform by calculating the �uxes of
charged particles just above the racetrack.

A typical simulation using the ionization region model (IRM) may produce a variety of outputs,
including the graphs depicted in Figure 4.2. During this speci�c simulation, the three �tting
parameters were adjusted as follows: the back-attraction probability of ions (bt;pulse) was
varied between 0.3 and 0.99, the fraction of the total discharge voltage that drops across the
ionized regionf = VIR=VD ranged from 0.05 to 0.2, while the electron recapture probability
(r) was set at 0.5. Figure 4.2 presents two illustrative outputs from a simulation conducted
using the ionization region model (IRM) for tungsten target (Suresh Babu et al., 2022). Figure
4.2 (a) shows results from an extensive scan of the parameter space, where the current �ts are
assessed based on their alignment with the experimentally measured current. Areas shaded in
blue indicate a better �t. In this instance, the most accurate �ts occurred when the fraction
of the total discharge voltage across the ionized region (f ) ranged from 0.5 to 0.15, and the
back-attraction probability of ions (bt;pulse) varied between 0.1 and 0.99. The overlay of white
lines, annotated with black numerals, represents different values of the ionized �ux fraction
(F�ux ). A white circle highlights the location of the best �t as achieved from estimating the
mean square of error. Figure 4.2 (b) compares the discharge current waveform as measured
experimentally against the �t produced by the IRM. The correspondence between the modeled
and measured discharge currents demonstrates a high level of accuracy in the simulation
outcomes. The �gure of merit (FOM), shown in the Figure 4.3 (a) for zirconium target (Suresh
Babu et al., 2024) with a color scale, is calculated as the weighted sum of square residuals
normalized by the weighted total sum of squares (Gudmundsson et al., 2022). The regions
on the �tting map where the modeled discharge current matches the experimental discharge
current the best is shown as a yellow zone. This yellow zone indicates the combination of
f = VIR=VD andbt;pulsewhere the weighted square deviation of the discharge current is the
smallest. The ionized �ux fraction is shown as black contour lines in Figure 4.3 (a). As this
yellow zone is large, an additional constraint from an experimentally determined quantity
is necessary. This is done by using the measured ionized �ux fraction to lock the model as
suggested by Butler et al. (2018). In Figure 4.3 (a) we use the ionized �ux fraction measured
(45 %) at 10 cm from the target surface over the racetrack to lock the model. The measured
discharge current waveform and the measured discharge voltage waveform are shown by solid
lines in �gure 4.3 (b). The resulting best �t determined by the IRM for the discharge current
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Figure 4.2. (a) The �tting maps showing f= VIR=VD versus the back attraction probability
bt;pulsefor discharge voltage of 500 V and working gas pressure of 1.0 Pa, for a discharge
with 75 mm diameter tungsten target. The white circles indicate where a well �tted current
pro�le is observed. The white lines and the accompanying numbers indicate the ionized �ux
fraction (F�ux ). (b) The measured temporal evolution of the discharge current (solid line) and
the model �t (dashed line) for discharge voltage of 500 V for a discharge with 75 mm
diameter tungsten target.

waveform and the measured ionized �ux fraction is shown with a dot dashed line in �gure 4.3
(b). The modeled discharge current matches the experimental discharge current very well.

Figure 4.3. (a) The �gure of merit (FOM) and the ionized �ux fraction F�ux , displayed as a
color map and contour lines, respectively, for a grid scan overbt;pulseand f = VIR=VD for a
5.08 cm diameter zirconium target for a 50ms long pulse, with peak discharge current
density JD;peak= 1 A/cm2 and working gas pressure of 1 Pa. The parameter combination
giving the best �t while meeting the F�ux constraint is highlighted with a red ×. (b) The
measured temporal evolution of the cathode voltage (solid red line) and the discharge current
(solid blue line) as well as the model �t (purple dash dot line) for the discharge current with a
5.08 cm diameter zirconium target, a 50ms long pulse, a peak discharge current density
JD;peak= 1 A/cm2, and working gas pressure of 1 Pa.
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4.3 Species densities

The ionization region model (IRM) provides the temporal evolution of all particle densities in
the HiPIMS discharges. This section continues the analysis from the previous discussions by
examining how these species densities change over time for discharges with both tungsten
and zirconium targets.

4.3.1 Neutral Densities

Figure 4.4. (a) The temporal evolution of the neutral particle densities for discharge voltage
of 600 V for a discharge with 75 mm diameter tungsten target, JD;peak= 0:54A/cm2, and
working gas pressure of 1.0 Pa. (b) The temporal evolution of the neutral particle densities
for discharges with a 5.08 cm diameter zirconium target, 50ms long pulse, with peak
discharge current density JD;peak= 1 A/cm2 and working gas pressure of 1 Pa.

Figure 4.4 (a) displays the temporal variation of neutral particle densities for a HiPIMS
discharge in argon with tungsten target. Across different discharge voltages, the behavior
of these densities remains consistent. The ground state working gas argon atoms dominate
the discharge. Speci�cally, the cold argon ground state density (denoted ArC(3p6)) in Figure
4.4 (a) decreases during the pulse on time, reaching its lowest point at the end of the pulse,
marking the occurrence of working gas rarefaction (Rossnagel, 1988). This phenomenon
of working gas rarefaction, which is notably signi�cant in HiPIMS discharges, has been
well-documented through experimental evidence (Alami et al., 2006; Vl�cek et al., 2004;
Vitelaru et al., 2012; Shimizu et al., 2021; Palmucci et al., 2013; Lundin et al., 2009).

Figure 4.4 (a) also illustrates that the density of tungsten atoms quickly rises at the beginning
of the pulse and then stabilizes for the duration of the pulse. Following the pulse, when
sputtering due to energetic ion bombardment ceases, the density of the ground state tungsten
atoms initially drops sharply and then gradually declines. We also note a build up of warm
and hot argon atoms during the pulse on period.

Figure 4.4 (b) shows the temporal evolution of the neutral particle densities for a HiPIMS
discharge with zirconium target, which again illustrates the signi�cant decrease in neutral
argon density towards the end of the pulse. It is important to note that the total neutral argon
density within the ionization region (IR) comprises the combined densities of cold, warm,
and hot argon atoms in the ground state, along with those in the two metastable states. These
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components enter the IR during the pulse and contribute to the rarefaction process. Thus,
working gas rarefaction encompasses not just the decline in the density of cold argon atoms
as shown in Figure 4.4 (b), but the overall reduction in total argon density.

4.3.2 Charged Particle Densities

Figure 4.5 (a) illustrates the temporal evolution of charged particle densities of tungsten target.
Initially, Ar + ions dominate, but shortly after, W+ ions take over and maintain dominance
for the remainder of the pulse. The density of doubly charged W2+ ions remains consistently
lower than that of Ar+ ions, and the density of Ar2+ ions is signi�cantly smaller. The temporal
evolution of the charged particle densities in a HiPIMS discharge with zirconium target shown
in Figure 4.5 (b) shows that the Ar+ ions are persistently the dominant ion throughout the
pulse-on period and the Zr+ ion has always a smaller density. The densities of the doubly
charged Zr2+ and Ar2+ ions are always more than an order of magnitude smaller than the
density of the singly charged ions. For most of the pulse duration, the density of Ar+ and Zr+

ions surpasses the density of zirconium atoms.

Figure 4.5. (a) The temporal evolution of the charged particle densities for discharge voltages
of 600 V, for a discharge with 75 mm diameter tungsten target, JD;peak= 0:54A/cm2, and
working gas pressure of 1.0 Pa. In addition, we also show the total argon neutral density
(ground state and excited states) [Ar0] and the neutral tungsten density [W0]. (b) The
temporal evolution of the charged particle densities for a discharge with a 5.08 cm diameter
zirconium target, 50ms long pulse, with peak discharge current density JD;peak= 1 A/cm2

and working gas pressure of 1 Pa.
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4.4 Current composition

Figure 4.6. (a) The temporal evolution of the discharge current composition at the target
surface for discharge voltages of 600 V for a discharge with 75 mm diameter tungsten target,
JD;peak= 0:54A/cm2, and working gas pressure of 1 Pa. (b) The temporal evolution of the
discharge current composition at the target surface for a discharge with a 5.08 cm diameter
zirconium target, for 50ms long pulse, with peak discharge current densityJD;peak= 1 A/cm2,
and working gas pressure of 1 Pa.

Figure 4.6 (a) shows the discharge current composition at the target surfaces for a discharge
with a tungsten target. Initially Ar+ ions dominate, but as the the pulse continues, W+ ions
become the prevalent charged heavy species, especially as the initial peak of Ar+ ions peak
diminishes. This shift is more noticeable at higher discharge voltages, where the contribution
of W+ ions to the total discharge current at the target surface grows (Suresh Babu et al., 2022).
Thus, at the onset of the pulse, the working gas ions strike the target, sputtering off metal
atoms which are then ionized and drawn back to the target, creating a self-sputter recycling
loop (Brenning et al., 2017). As a result, tungsten atoms and ions gradually take over some
of the functions initially carried out by the working gas argon atoms and ions as the pulse
progresses.

Figure 4.6 (b) shows the progression in the discharge current composition at the target surface
for a discharge with a zirconium target over time. We see that roughly 2/3 of the discharge
current is carried by Ar+ ions while only 1/3 is carried by Zr+ ions. The contributions from
Ar2+ and Zr2+ ions, and secondary electron emission are comparatively minor. Given that
both argon and zirconium ions play signi�cant roles in the discharge current at the target
surface, the discharge mechanism involves a mix of working gas recycling and self-sputter
recycling (Brenning et al., 2017).
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4.5 Electron behavior

Figure 4.7. The temporal evolution of (a) the measured and calculated electron density (b)
the measured and calculated electron temperature for pulse length of 100ms for a discharge
with argon working gas pressure of 1.6 Pa and 150 mm diameter tungsten target. The dashed
vertical line indicates the termination of the pulse.

The measured temporal evolution of the electron density and electron temperature from the
Thomson scattering measurements by Ryan et al. (2019) for tungsten target is shown in Figure
4.7 (a) and (b) respectively, in blue line. For the 100ms long pulse the measured maximum
electron density is� 7� 1019 m� 3 (Ryan et al., 2019). The measured temporal evolution
of the electron density is compared to the calculated cold electron density in Figure 4.7 (a).
Clearly, there is a discrepancy between the experimental and modeled electron density. The
calculated electron density is always somewhat lower than the measured electron density.
This discrepancy is up to a factor 4 during the peak for the 50ms pulse length and somewhat
smaller for 100ms and 200ms pulse length. In this thesis, only results for the 100ms pulse
length are presented, while the results for 50ms and 200ms pulse lengths are shown in Paper
II (Suresh Babu et al., 2023). However, it should be taken into account that the IRM is a
simple global model with densities averaged over the entire IR volume, which is here assumed
to extend 33 mm away from the cathode target, while the measurement is taken 10 mm from
the target surface. Therefore, if we assume the electron (and ion) density to decrease with
distance from the target surface, it is expected that the model calculations yield a smaller
electron density than what is measured close to the target surface.

Figure 4.7 (b) shows the temporal pro�les of electron temperature within the magnetic trap
for pulse lengths of 100ms. The direct comparison of calculated and measured electron
temperature shows a discrepancy. The calculated electron temperature is always signi�cantly
higher than the measured electron temperature. However, we point out that the features in the
temporal evolution of the electron temperature are mostly captured by the model.

4.6 Internal discharge parameters

Figure 4.8 (a) shows the ionization probability and the back attraction probability versus the
discharge voltage for HiPIMS discharges with tungsten target. In Figure 4.8 (a) we see that
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the ionization probabilitya t increases while the back-attraction probabilitybt;pulsedecreases
with increased discharge voltage. Earlier we have argued that the ionization probability
depends only on the peak discharge current and increases with increased peak discharge
current (Rudolph et al., 2022) and the decreasing back-attraction probability with increasing
peak discharge current con�rms the suggestion made earlier by Brenning et al. (2020, 2021).

Figure 4.8. (a) The ionization probabilitya t and the back-attraction probabilitybt;pulseandbt
versus the discharge voltageVD, determined by the IRM for a discharge with 75 mm diameter
tungsten target. (b) The ionization probabilitya t versus the peak discharge current density
for a discharge with a 50.8 mm diameter zirconium target and working gas pressure of 1 Pa.

Figure 4.8 (b) shows the ionization probability versus the peak discharge current density for
HiPIMS discharges with zirconium target. For a zirconium target, as shown in Figure 4.8 (b)
we see that the ionization probabilitya t determined by the IRM, increases with increased peak
discharge current density for a discharge with a 2 inch zirconium target for argon working gas
pressure of 0.5 Pa (open circles) and 1 Pa (solid dots) and pulse length of 50ms and 100ms
and the ionized �ux fraction measured 3, 4, 6, 8, and 10 cm from the target surface.

That said, we see that ionization probabilitya t increases as the discharge voltageVD, and
the peak discharge current density increase, for discharges with both tungsten and zirconium
targets.

4.7 Normalised deposition rate

The ratio of the �ux of sputtered species (ions and neutrals) that leave the ionization region
(IR) towards the diffusion region (DR)GDR and the total �ux (atoms/s) of atoms sputtered
from the targetG0, the useful fraction of the sputtered species, or the normalized deposition
rate, can be approximated by (Bradley et al., 2015; Hajihoseini et al., 2019)

Fdep=
GDR

G0
= 1� a tbt: (32)

This parameter is plotted versus the discharge voltageVD for a discharge with 75 mm diameter
tungsten target in Figure 4.9, where it is compared to the measured normalized deposition rate.
The measured normalized deposition rate is the deposition rate for HiPIMS operation divided
by the deposition rate determined from dc magnetron sputtering operated at the same average
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Figure 4.9. The measured normalized deposition rate and the normalized deposition rate
determined from the IRM versus the discharge voltage VD for a discharge with 75 mm
diameter tungsten target.

power. We see that the normalized deposition rate calculated using the internal discharge
parameters determined by the IRM agree well with the measured values. Keeping in mind that
Eq. (32) does not take into account ion focusing (or spreading) en route towards the substrate
(Butler et al., 2018; Rudolph et al., 2021). Eq. (32) says that this normalized deposition rate
is reduced, and the fraction of the sputtered species reaching the substrate decreases, as the
ionization of the sputtered material increases.

Figure 4.10 shows the measured normalized deposition rate for a zirconium target plotted
against the peak discharge current density. The measured normalized deposition rate is

Figure 4.10. The measured normalized deposition rate versus the peak discharge current
density for a 5.08 cm diameter zirconium target is shown. The working gas pressure was 0.5
Pa (open circles) and 1 Pa (solid dots) and the pulse length was 50ms and 100ms, measured
3 and 10 cm from the target surface.

the deposition rate for HiPIMS operation divided by the deposition rate determined from
dc magnetron sputtering operated at the same average power. We see in �gure 4.10 that
the measured normalized deposition rate decreases with increased peak discharge current
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density. This is commonly observed in HiPIMS operations. For a given pulse length and
average power, the deposition rate decreases as the peak discharge current density increases
(Tiron et al., 2015; Lundin et al., 2015; Shimizu et al., 2021; Suresh Babu et al., 2022). The
normalized deposition rate for a given discharge current density is higher when measured
10 cm from the target surface than when measured at 3 cm. It can also be seen in Figure
4.10 that the normalized deposition rate is slightly lower for the lower working gas pressure
(0.5 Pa) (open circles). The normalized deposition rate is also slightly higher for the longer
pulse length (100ms). This contradicts the �ndings of Shimizu et al. (2021) for a HiPIMS
discharge with a titanium target as they observed a decrease in the normalized deposition rate
as the pulse length was increased from 50ms to 200ms atJD;peak= 1:1 A/cm2. In general,
for a �xed peak discharge current density they found that the deposition rate increases with
decreasing pulse length and reaches a maximum at around 25 – 50ms, a trend that had been
predicted earlier using the IRM (Rudolph et al., 2020). They also found that further shortening
the pulse length decreases the deposition rate (Shimizu et al., 2021).

4.8 The potential drop across the IR

Figure 4.11. The fractional potential drop over the IRf = VIR=VD versus the peak discharge
current density for discharges with tungsten and zirconium targets. The pulse length was 100
ms.

The fraction of the discharge voltage that is dropped across the IR versus the peak discharge
current density for tungsten and zirconium targets have been analyzed for pulse length of
100ms. The fraction potential drop over the IR is shown versus the peak discharge current
density for discharges with tungsten and zirconium targets in Figure 4.11. For a discharge
with tungsten target this fraction was in the range 6 – 8 %, decreasing with increasing peak
discharge current density (Suresh Babu et al., 2022, 2023). The fractional potential drop
reported here for a discharge with zirconium target is higher or 12 – 15 % (Suresh Babu et al.,
2024). For a copper target the fractional potential drop was found to lie in the range 14 – 17
% (Gudmundsson et al., 2022), and for a graphite target it was found to be 14 % (Eliasson
et al., 2021), for a working gas pressure ofpg � 1 Pa andJD;peak� 1 A/cm2.
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4.9 Ionized �ux fraction

Figure 4.12. The ionized �ux fraction versus the discharge voltageVD determined by the IRM
for a discharge with 75 mm diameter tungsten target.

We de�ne the ionized �ux fraction as

Gi

Gi + Gn
(33)

whereGi andGn are the ion and neutral �uxes of the sputtered species arriving at the substrate,
respectively. Figure 4.12 shows the ionized �ux fractionF�ux determined by the IRM versus
the discharge voltageVD. It can be seen that the ionized �ux fractionF�ux increases from
7 % for peak current density of 0.33 A/cm2 to 34 % at 0.73 A/cm2. For comparison, when
operating a HiPIMS discharge with a copper target and peak current densityJD;peak � 1
A/cm2, the ionized �ux fraction is in the range 32 – 40 % (Gudmundsson et al., 2022), while
when using a titanium target the ionized �ux fraction is roughly 30 % forJD;peak� 1 A/cm2

and 14 – 20 % forJD;peak� 0:5 A/cm2 (Rudolph et al., 2021). The measured ionized �ux
fraction in HiPIMS operation, for various target materials, has been found to be in the range
10 – 80 % and it increases with increased peak current density and decreased working gas
pressure (Lundin et al., 2015; Hajihoseini et al., 2019; Fischer et al., 2023; Kapran et al.,
2024).

4.10 Gas rarefaction

The working gas rarefaction is either presented as a percentage of the total neutral argon
density at the start of the pulsenAr(t)=nAr;0 or as a degree of working gas rarefaction

degree of working gas rarefaction= 1�
nAr(t)
nAr;0

; (34)

wherenAr;0 is the total argon density at the start of the pulse andnAr(t) is the temporal
variation of the total argon density.
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Figure 4.13. The temporal evolution of the total argon neutral density (ground state and
excited states) as a percentage of the density at the start of the pulse for the various discharge
voltages with 75 mm diameter tungsten target.

The temporal evolution of the total argon density as a percentage of the density at the start
of the pulse (nAr=nAr;0), is shown in Figure 4.13 for all the discharge voltages explored for
discharges with 75 mm tungsten target. With increased discharge voltage, the degree of
rarefaction1� (nAr=nAr;0) increases from 57 % at 500 V (0.33 A/cm2) to 76 % at 800 V
(0.73 A/cm2). There are several factors that contribute to working gas rarefaction, including
electron impact ionization of argon atoms and kick-out of argon atoms by the sputter wind,
which is then balanced by diffusional re�ll of cold argon from the bulk plasma, returning
hot and warm argon atoms from the target, and charge exchange Ar+ + M �! Ar + M+

(very small contribution) (Huo et al., 2012). We �nd that the kick-out of argon atoms by the
sputter wind is the dominating process leading the working gas rarefaction for a HiPIMS
discharge with tungsten target for peak current densityJD;peak in the range 0.33 – 0.73 A/cm2.
For comparison, Huo et al. (2012) using the IRM observed reduction by up to 50 % for a
400ms pulses with an aluminium target at 0.6 A/cm2 and the dominating contributor to the
working gas rarefaction is electron impact ionization of argon atoms. For a discharge with
graphite target Eliasson et al. (2021) estimated up to 66 % rarefaction for 50ms pulses and
current density of 1 A/cm2. The working gas rarefaction is explored in more details in Paper
IV (Barynova et al., 2024) where it is demonstrated how the various contributions to working
gas rarefaction depend on the sputter yield of the target material.

4.11 Sputter-rate-normalized deposition rate

Earlier Rudolph et al. (2021) have de�ned the sputter-rate-normalized deposition rate which
is given by,

Fsput= ( 1� a t) +
�

xti

xtn

�
a t(1� bt) (35)

wherexti is the transport parameter for ions andxtn is the transport parameter for neutrals of
the sputtered species (Christie, 2005; Hajihoseini et al., 2022). Eq. (35) can be approximated
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to become

Fsput= 1� a tbt =
GDR

G0
(36)

for the special case whenxti = xtn (Bradley et al., 2015; Hajihoseini et al., 2019). This is
the ratio of the �ux of sputtered species (ions and neutrals) out of the ionization region (IR)
towards the diffusion region (DR)GDR and the total �ux of atoms sputtered from the targetG0
(atoms/s). Keeping in mind that Eq. (36) does therefore not take into account ion focusing (or
spreading) en route towards the substrate (Butler et al., 2018; Rudolph et al., 2021; Hajihoseini
et al., 2022). This equation states that the sputter-rate-normalized deposition rate is reduced
as the ionization of the sputtered material increases (Brenning et al., 2020).

The relative ion-to-neutral transport parameterxti=xtn in Eq. (35), describes the relative
deposited fractions of target material ions and neutrals onto a substrate. Experimentally, these
parameters have been determined for HiPIMS of a titanium target to be roughlyxti=xtn � 0:8
for a substrate located 3 cm from the target surface andxti=xtn � 0:5 for a substrate located 7
cm from the target surface (Hajihoseini et al., 2022). A value ofxti=xtn < 1 indicates a larger
spread of metal ions compared to metal neutrals, which is explained by larger scattering cross
sections of ions compared to neutrals, and by ions being subjected to electric �elds (Rudolph
et al., 2021). The sputter-rate-normalized deposition rate calculated using Eq. (35), using the
measured relative ion-to-neutral transport factors for titanium (Hajihoseini et al., 2022), shows
roughly the same behaviour as the normalized deposition rate but there is a slight difference
in the value. This can be seen in Figure 4.14 where the sputter-rate-normalized deposition
rateFsput is shown versus the measured normalized deposition rateFdep. We see that when
the normalized deposition rate and the ionized �ux fraction measured 10 cm from the target
surface are used to lock the model the values fall approximately on a line with slope 1 that
goes through the origin, while when the �ux parameters measured at 3 cm are used to lock
the modelFsput is slightly higher than the measuredFdep. When the �ux parameters measured
at 10 cm are used to lock the model we �nd the average value of the ratioFdep=Fsput to be
0.93 with a standard deviation of 0.17, while the measured values at 3 cm are used to lock the
model we �nd it to be 0.71 with a standard deviation of 0.15.

The sputter-rate-normalized deposition rateFsput and the experimentally determined nor-
malized deposition rateFdep, are related through the relative differences in the sputter rate
Gsput;HiPIMS=Gsput;dcMS and the neutral transport parameter ratio between HiPIMS and the
corresponding (same pressure and average power) dcMS dischargextn;HiPIMS=xtn;dcMS needs
to be taken into account as well or

Fdep=
Gsput;HiPIMS

Gsput;dcMS

xtn;HiPIMS

xtn;dcMS
Fsput; (37)

where (Hajihoseini et al., 2019; Rudolph et al., 2021; Fischer et al., 2023)

Gsput;HiPIMS

Gsput;dcMS
=

VdcMS

VHiPIMS
�

å i ziYi(ziVHiPIMS)
YAr+ ! Zr(VdcMS)

(38)

andVD;HiPIMS andVD;dcMS are the discharge voltages for the corresponding HiPIMS and
dcMS discharges, respectively. The sum is taken over all the ions Ar+ , Zr+ , Zr2+ , and Ar2+ ,
which have sputter yieldsYi, andzi is the fraction of the ion current at the target surface
that is carried by a particular ioni andzi is the charge state of that ion. The parameter
å i ziYi(ziVHiPIMS)=YAr+ ! Zr(VdcMS) in Eq. (38) is fairly constant and does not vary much with
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Figure 4.14. The sputter-rate-normalized deposition rate Fsput calculated using Eq. (35)
versus the measured normalized deposition rateFdep for a discharge with a 2 inch zirconium
target for argon working gas pressure of 0.5 Pa (open circles) and 1 Pa (solid dots) and pulse
lengths of 50ms and 100ms. The green dashed line has a slope of 1.

the varying ion fractions and pulse voltage. The average value is 1.67 with a standard deviation
of 0.07. Due to a higher voltage applied cathode target, the average sputter yield is higher in
HiPIMS than in dcMS.
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5 Summary of Papers

5.1 Paper I: Modeling of high power impulse magnetron
sputtering discharges with tungsten target

In Paper I (Suresh Babu et al., 2022), we modelled high power impulse magnetron sputtering
(HiPIMS) discharges with tungsten target using an ionization region model (IRM). We explore
the discharge behavior and the effects of varying discharge voltage on the sputtering process.
The IRM is applied to understand the temporal variations in species concentrations, electron
energy, and internal discharge parameters like ionization and back-attraction probabilities.
The primary objectives in a high power impulse magnetron sputtering (HiPIMS) process are
to maximize the ionized �ux fraction of the sputtered target material while also achieving a
high deposition rate.

The following are the main �ndings of the paper:

• The temporal evolution of the densities of the various species that constitute the dis-
charge is reported and evaluated along with various plasma parameters.

• Ar+ ions dominate the discharge current at the target surface in the beginning of the
pulse, while later in the pulse W+ ions dominate the discharge current for the remainder
of the pulse duration.

• The ionization probability of tungsten increases by 39 %, while the back-attraction
probability decreases by� 25%, with increased discharge voltage.

• The working gas rarefaction towards the end of the pulse reaches values in the range 57
– 76 %.

• The �ndings, on the ionization probability and the back-attraction probability, were used
as input into the generalized recycling model to estimate the peak discharge current.

• The results are in good agreement with experimental values. Furthermore, the measured
normalized deposition rate is compared to values determined from the internal discharge
parameters from the IRM, showing good agreement.
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5.2 Paper II: High power impulse magnetron sputtering
of tungsten: a comparison of experimental and
modeling results

Figure 5.1. The temporal evolution of the relative optical emission from the various species
(a) Ar0, (b) Ar+ , (c) W0, and (d) W+ , for 100ms pulse length, argon working gas pressure of
1.6 Pa, and a discharge with 150 mm diameter tungsten target. The experimental data is from
Ryan (2019), shown with dashed lines, and the IRM results are shown as solid lines.

The aim of Paper II (Suresh Babu et al., 2023) was to evaluate the performance of the
ionization region model (IRM) to study high power impulse magnetron sputtering (HiPIMS)
discharge using tungsten target and validate against experimental results obtained from
Thomson scattering measurements and optical emission spectrometry (OES). The Thomson
scattering measurements assess the electron density and temperature, and OES tracks the
temporal evolution of heavy species.

• Figure 5.1 shows the temporal pro�les of the intensity of line emission, normalised by
the peak number of counts for each line in a pro�le, from various species in the plasma
discharge (Ar0, Ar+ , W0 and W+ ) (dashed lines).

• The intensity of the Ar0 line decreases, while the Ar+ emission intensity peaks att = 20
ms, and the emission from both tungsten species increases. The �gure also includes, for
comparison and validation, the results of the model calculations (solid lines). The model
results show a somewhat slower decay of the Ar0 density than observed experimentally
(Figure 5.1 (a)).

• The 751.5 nm argon emission line originates from the decay of the 13.48 eV (4p
manifold) to the 11.83 eV (4s manifold). The assumption is that excitation process is
primarily driven by electron impact excitation from the ground state, with a reaction
rate ofkexc(Te)nenAr, wherekexc(Te) depends on electron density, gas pressure, and
electron temperature.
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• We are aware that there is also some excitation from the metastable states into the
4s manifold. Earlier we have estimated the contribution of stepwise ionization from
the metastable levels of the 4s manifold in HiPIMS operation to be as high as 15 %
(Gudmundsson et al., 2015), and we would expect similar contribution to excitation to
the 4p manifold. Also, keep mind that there can be a decay from the 13.48 eV level to
other levels of the argon atom. Similar arguments apply for the other measured lines
from the heavy species. The peak in the Ar+ density appears roughly at the same time
for the model calculation as determined experimentally, but the calculated Ar+ density
decays somewhat faster than the measured density (Figure 5.1 (b)).

• The calculated peak in the relative W0 density occurs slightly earlier and declines more
rapidly than the measured W0 density. Experimental data suggest that W0 remains
elevated almost until the pulse terminates, a behavior that the model does not fully
capture (Figure 5.1 (c)).

• The W+ ion emission intensity peaks roughly 30ms into the pulse, and the model
calculations agree with the measurements (Figure 5.1 (d)).
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5.3 Paper III: High power impulse magnetron sputter-
ing of a zirconium target

Figure 5.2. The discharge current composition within the ionization region versus the peak
discharge current density for a discharge with 2 inch zirconium target for argon working gas
pressure of 1 Pa and pulse length of 50ms, and the ionized �ux fraction used to lock the
model was measured 10 cm from the target surface.

We explored experimentally the effect of the peak discharge current density on the ionized
�ux fraction and normalized deposition rate in a HiPIMS discharge with a zirconium target.

• The temporal evolution of the discharge current composition at the target surface is
shown in �gure 4.6 (b). The current composition is explored further in �gure 5.2, we
see that up to over 80 % of the discharge current is carried by Ar+ ions while only about
20% is carried by Zr+ ions for the lowest peak discharge current density explored. The
contributions from Ar2+ and Zr2+ ions, and secondary electron emission are smaller.

• The current composition is explored further in �gure 5.2, where the current compo-
sition is shown for three peak discharge current densities. We see that the fractional
contribution of Zr+ and Zr2+ ions increases, and the fractional contribution of Ar+ ions
decreases, with increased peak discharge current density. AtJD;peak= 0:5 A/cm2 the
Ar+ ion contribution is roughly 74 %, at 1.0 A/cm2 it is about 60 %, and roughly 45 %
atJD;peak= 2 A/cm2.

• The Zr+ ion contribution is 20 %, 27 %, and 32 %, and the Zr2+ contribution increases
from 2 % to 6.6 %, to about 15 %, as the peak discharge current density is increased.
The contribution of secondary electron current is always much smaller than the current
carried by each of the ions.

• There is an upper limit on the current density that corresponds to where all the incoming
argon atoms from the surrounding gas reservoir are ionized and drawn to the target.
This upper limit de�nes the critical current density ofJcrit � 0:2 A/cm2 at 1 Pa and
Tg = 300K (Huo et al., 2014; Brenning et al., 2017). For all the cases discussed here,
the discharge operates well above this limit and ion recycling has to take place to reach
the high discharge current densities observed.
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• As both argon and zirconium ions contribute signi�cantly to the discharge current at
the target surface the discharge operates on a combination of working gas recycling and
self-sputter recycling (Brenning et al., 2017).
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5.4 Paper IV: On working gas rarefaction in high power
impulse magnetron sputtering

The various contributions to working gas rarefaction were explored in Paper IV (Barynova
et al., 2024) utilizing the ionization region model (IRM). The rarefaction processes in high
power impulse magnetron sputtering discharges were explored for targets made of graphite,
aluminum, copper, titanium, zirconium, and tungsten. In all scenarios, signi�cant rarefaction
of the working gas is observed, with degrees of rarefaction reaching up to 83%.

• The various contributions to working gas rarefaction, including electron impact ioniza-
tion, kick-out by the sputtered species or hot argon atoms, and diffusion, are evaluated
and compared for the different target materials, and over a range of discharge current
densities.

• The signi�cance of each process varies with the type of target material. For instance, in
setups using a graphite target with argon gas at 1 Pa, electron impact ionization (caused
by both primary and secondary electrons) is the primary mechanism contributing to
working gas rarefaction, accounting for over 90%, while the in�uence from sputter
wind kick-out is minimal, less than 10%.

• In case of copper and tungsten targets, the kick-out mechanism dominates, contributing
up to about 60% at the same pressure level 1 Pa. For metallic targets, this kick-out
effect is largely due to metal atoms ejected from the target, whereas for graphite, it is
mainly due to hot argon atoms and, to a lesser extent, carbon atoms.

• The sputter yield and the working gas pressure are critical factors determining the extent
of contribution from the kick-out by sputtered species to working gas rarefaction.

Figure 5.3. The fractional contribution of the various processes to working gas rarefaction
within the ionization region versus self-sputter yield. The data is for C (0.24, 12 amu)
(JD;peak= 1 A/cm2, tpulse= 50 ms, pg = 1:0 Pa), Zr (0.47, 91.2 amu) (JD;peak= 1 A/cm2,
tpulse= 50 ms, pg = 1:0 Pa), Ti (0.64, 47.9 amu) (JD;peak= 1:0 A/cm2, tpulse= 100ms,
pg = 1:0 Pa), W (1.14, 183.8 amu) (JD;peak= 0:73A/cm2 tpulse= 100ms, pg = 1:0 Pa), Al
(1.19, 27.0 amu) (JD;average= 1:0 A/cm2, tpulse= 100ms, pg = 2:0 Pa), and Cu (2.37, 63.5
amu) (JD;peak= 1 A/cm2, tpulse= 40 ms, pg = 1:0 Pa). M denotes the target atom.
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6 Conclusions
The research documented in this thesis is based on the use of the ionization region model
to analyze high power impulse magnetron sputtering discharges with both zirconium and
tungsten targets and to effectively determine various aspects of the plasma dynamics and dis-
charge characteristics. Through experimental investigations and subsequent IRM simulations,
the studies have offered insights into how different discharge parameters, particularly the
peak discharge current density and the discharge voltage, and the sputter yield, signi�cantly
in�uence the behavior of the plasma discharge.

For the HiPIMS discharge employing the tungsten target, the Ar+ ions initially dominate the
discharge current at the onset of the pulse. However, as the pulse progresses, W+ ions become
the prevailing species affecting the discharge current for the rest of the pulse duration. The
ionization probability of tungsten increases, while the back-attraction probability decreases,
with increased discharge voltage. Furthermore, the measured normalized deposition rate is
compared and corroborated with values derived from the internal discharge parameters of the
IRM, showing good agreement.

Comparative analyses of a second set of tungsten target experiments between IRM predictions
and experimental measurements such as electron density and temperature from Thomson
scattering, alongside the densities of heavy species from optical emission spectrometry, were
conducted. Although the IRM tended to underestimate electron density and overestimate
electron temperature, it successfully captured the general temporal evolution of these plasma
parameters. In particular the IRM results captured well the temporal evolution of the heavy
species.

For the HiPIMS discharges using zirconium target, the results revealed that the ionized
�ux fraction notably increases, while the normalized deposition rate decreases as the peak
discharge current density increases, con�rming the so-called HiPIMS compromise. Detailed
investigations into working gas rarefaction showed that electron impact ionization is the
predominant factor contributing over 80%, with less signi�cant contributions from zirconium
and argon atom kick-out mechanisms.

Overall, this comprehensive application of the IRM across different target materials and
discharge conditions has not only validated the model's robustness in simulating HiPIMS dis-
charges but also enhanced our understanding of the underlying physical processes governing
the behavior of the plasma discharge. These insights pave the way for optimizing HiPIMS
processes and tailoring them for speci�c material deposition applications.
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